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SUNDAY, FEBRUARY 26, 1989

SALON D
6:00 PM-9:00 PM  RSGISTRATION/RECEPTION

MONDAY, FEBRUARY 27, 1989

SALON D
6:30 AM-8:15 AM  BUFFET BREAKFAST

SALON FOYER
7:00 AM-6:00 PM  REGISTRATION/SPEAKER CHECKIN

SALON F

8:15 AM-8:39 AM
OPENING REMARYS
Alexander A. Sawchuk, University of Southern California

8:30 AM-9:30 AM
MA NEURAL SYSTEMS: 1
C. ! ee Giles, Air Force Office of Scientific Research, Presider

1:30 AM (Invited Paper)

MA1 Optical implementations of Neural Computing, Ra-
vindra A. Athale, BDM Corp. Different approa~hes to optical
implementation of neural models for computations are re-
viewed. (p. 2)

9:00 AM (Invited Paper)

MA2 Electronic vs Optical Implementations of Neural Net-
works, Jay P. Sage, MIT Lincoln Laboratory. We address, for
the optical community, the refative advantages ana fimita-
tions of electronic neural network implementations in con-
trast to optical impiementations. (p. 5)

SALON F

9:30 AM-10:00 AM
MB NEURAL SYSTEMS: 2
Henii H. Arsenault, Laval University, Presider

9:30 AM

MB1 Implementation of Dynamic Hopfield-Like Networks
Using Photorefractive Crystals, Jeff Wilde, Lambertus Hes:
selink, Stanford U. We present an architecture for optically
implementing a digital associative memory usirg a coherent
optical system. Bipolar information is holographically phase
encoded in a photorefractive crystal. (p. 10)

8:45 AM

MB2 Classificalion of Normal and Aherrant Chromosomes
by an Optical Neural Network in Flow Cytometry, S. Noehte,
R. Manner, M. Hausiann, H. Horner, C. Cremer, U. Helde/)
berg, F. R. Germany. An optical neural network capable of
ciassifying normal and aberrant chromosomes in flow cy-
tometry at a rate of 10 kHz Is described. (p. 14)

SALON D
10:00 AM-10:30 AM COFFEE BREAK

SALON F

10:30 AM-11:30 AM

MC OPTICAL ARTIFICIAL INTELLIGENCE AND
ADAPTIVE SYSTEMS

W. Thomas Cathey, University of Colorado, Presider

10:30 AM (invited Paper)

MC1  Optical Artificial Intelligence Based on Semantic Net-
work Architecture, Toyohiko Yatagai, U. Tsukuba, Japan. ‘Ne
propose an optical architecture for context-sensitive as-
sociation by a modifying learning matrix. An MSLM is used
for recording the matrix and matrix-vector multiplication.
{p. 20)

11:00 AM

MC2 Opticar Matrix Encoding for Constraini Satisfaction,
Gary C. Marsden, Fouad Kiamilev, Sadik Esener, Sing H. Lee,
UC-San Diego. Constraint satisfaction problems are repre-
sentable in matrix form. Consistent labelling algorithms re-
quiring a limited dynamic range have been developed to take
advantage of the parallelism of optics. (p. 24)

11:15 AM

MC3 Adaptive Optical Filtering Architecture, Michael G.
Price, Joseph C. Harsanyi, Systeka, Inc.; Alan E. Craig, John
N. Lee, U.S. Naval Research Laboratory. Adaptive filtering is
applied to narrowband interference rejection fo- wideband
receiver systems. A time/space integrating optical architec-
ture using a spatial light modutator is described. (p. 28)

SALON F

11:30 AM-12:30 PM
MD NEURAL SYSTEMS: 3
Demetri Psaltis, California Institute of Technology, Presider

11:30 AM

MD1 Optical Assoclative Memory Utllizing Electrically and
Optically Addressed Liquid Crystal Spatial Light Modulators,
Kristina M. Johnson, M. Kranzdort, B. J. Bigner, L. Zhang, U.
Colorado. We present new results on performing optical
associative momory with the polarization-based optical con-
nectionist machine. Both elecirically and optically address-
able spatial light modulators have been incorporated into the
design of this system. (p. 32)

11:45 AM

MD2 Competitivaly Inhibited Optical Neural Networks Us-
Ing Two-Step Holographic Materials, M:chael Lemmon, B. V.
K. Vijaya Kumar, Carnegie Meilon U. Competitively inhibited
networks can be used as MAP predictors on a variety of
problems. An optical implamentation of these is proposed
based on two-step holographic materials. (p. 36)

1200 M

MD3 Adaptive 2-D Quadratic Associative Memory Using
Holographic Lenslet Arrays, Ju-Seog Jang, Sang-Yung Shin,
Soo-Young Lee, Advanced Institute of Science & Tech-
nology, Korea. Optical implementation of adaptive 2-D
quadratic associativa meinory that requires parallel N°
weighted interconnections is described by using holographic
lenslet arrays and spatial light modulators. (p. 40)

12:15 PM

MD4 Self-Pumped Optical Neural Networks, Yurn Owechko,
Hughes Research Laboratories. Optical neural network ar-
chitectures are described which store each connection
weight in a continum of spatially distributed phoiorefractive
gratings. This approach reduces crosstalk and fuily utilizes
the spatial light modulator. (p. 44)

12:30 PM-2:00 PM LUNCH BREAK




MONDAY, FEBRUARY 27, 1989—Continued

SALONF

2:00 PM-2:45 PM
ME SLMs AND OPTICAL DEVICES: 1
Arthur Fisher, U.S. Naval Research Laboratorv, Presider

2:00 PM

ME1 Sixty-Four-Element Hybtid PLZT/Sllicon Spatial Light
Modulator Array, |. Bennion, M. J. Goodwin, C. J. Groves-
Kirkby, A. D. Parsons, Plessey Research Caswell, U. K. A
64-element (8 x 8) hybrid PLZT/Si electrooptic modulator ar-
ray is described, with uses in optical computing, signal pro-
cessing, and interconnection. (p. 50)

215 PM

ME2 Dual Beam Recrystallization of Si on PLZT, Ali Ersen,
Samhita Dasgupta, T. H. Lin, Sadik Esener, Sing H. Lee,
UC-San Diego. We report the results of two beam (Ar* and
CO,) recrystallization of silicon on PLZT toward the fabrica-
tion of spatial light modulator arrays. (p. 54)

2:30 PM

ME3 Parallel Readout of Optical Disks, Demetri Psaltis,
Alan A. Yamamura, Mark A. Neifeld, California irstitute of
Technology; Seiji Kobayashi, Sony Corg., Japan. In the con-
text of parallel access of optical disks, we cxamine available
systems including a Sony magretooptic system. consider
optical limi*~*uns, and describe suitable uses. (p. 58)

SALON F

2:45 PM-3:30 PM
MF SLMs AND OPTICAL DEVICES: 2
Sing H. Lee, University of California-San Diego, Prusider

2:45 PM

MF1 High-Speed Optically Addressed Spatial Light Modu-
lator for Opticai Computing, R. A. Rice, W. Li, G. Moddel, U.
Colorarlo. We present the resolution and response t. v-e char-
acteristics for an optically addressed spatial light modulator
using a nydrogenated amorphous silicon photosensor and
ferroelectric tiquid crystal modulator. (p. 64)

3:00 PM

MF2 Optical Nonlinear Neurons and Dynamic Interconnec:
tions Using the Field Shielding Nonlinearity in CdTe, William
H. Steier, Mehrdad Ziari, U. Southern California. An optical
neuron with a soft threshold response and an optical dy-
namic interconnection with microsecond speed and modest
switching energy has been demonstrated in the infrared us-
ing CdTe. (p. 67)

315 PM

MF3 Photorofractive Neuron by Two-Wave Mixing, V.
Hornung-Lequeux, P. Lalanne, J. Taboury, G. Roosen, In-
stitute of Theoretical and Applied Optics, France. Theoret-
ical analysis and experimental studies show that photore-
fractive two-wave mixing in barium titanate is well suited for
the implementatinn of an all-optical input-output neural re-
sponse. (p. 71}

SALON D
3:30 PM-4.00 FM COFFEE BREAK

SALON F

4:00 PM-5:00 PM -
MG SLMs AND OPTICAL DEVICES: 3
Bernard Soffer, Hughes Research Laboratory, Presider

400 PM

MC! Photorefractive Spatial Light Modulation by Electro-
controlled Beam Coupling in SBN:Ce Crystals, Jian Ma, Liren
Liv, Shudong Wu, Zhijiang Wang, Shangha/ Institute of Op-
tics and Fine Mechanics, China. Bynamic incoherent-to-
coherent image conversion is proposed, which is based on
the effects of electrocontrolled two-beam coupling in
SBN:Ce and image spatial modulation of coupling gain.
Either a negative or positive coherent replica is obtained by
altering the electric field. (p. 76)

415 PM

MG2 IuP/inGaAs-Based Charge-Coupled Devices for
MQW Spatial Light Modulator Applications, K. Y. Han, R.
Chang, C. W. Chen, J. H. Quigley, M. Hafich, G. Y. Robirison,
D. L. Lile, Colorado State U. We present the results of elec-
trical and optical performance characterization of InP and In-
GaAs charge-coupled device-based MQW spatial light
modulators. (p. 80)

4:30 PM

MG3 Optical Space-Variant Logic (iate Using a New Hy-
brid BSO Spatial Light Modulator. Ji Zhang, Weiwei Liy, Li-
chenyg Zhong, Yili Gou, Tsinghua U., China. We propose a
rew hybrid BSO spatial light modulator for encoding input
patterns. (p. 84)

445 PM

MG4 High-Speed Parallel Optical Processors of Photore-
fractive GaAs, Li-Jen Cheng, Duncan T. H. Liu, California In-
stitute of Technology. We report the first, we be!'eve, demon-
stiation of several basic computing processes using an In-
terferometric technique with a GaAs phase conjugate mirror.
ip. 87)

SALON F

5:00 PM-6:00 PM

MH SYMBOLIC SUBSTITUTION

Kariheinz Brenner, University of Erlangen-Nuremberg,
F. R. Germany, Presider

5:00 PM

MH1 Design of a Symbolic Substitution-Based Optical
Random Access Memory, Miles J. Murdocca, Binay Sugla,
ATA&T Bell Laboratories. Symolic substitution is used in the
design of an optical random access memory. The design is
near optimal in gate count and circuit depth. (p. 92)

5:15 PM

MH2 Massively Parallel Optical Computer, Ahmed Louri, U.
Arizona. We present a new optical architecture ior support-
ing rnassively parallel computations. The system processos
2-D arrays as basic data objects. The processing is based on
the optical symbolic substitution (SS) logic. New SS rules are
introduced Implementation issues and performance analy-
sis are also considered. (p. 96)

§:30 PM

MH3 Uses of Opticat Symbolic Substitution in image Pro-
cessing: Kedian Filters, Abdallah K. Cherri, Mohammad A.
Karim, U. Dayton. One- and two-dimensional optical sym:
bolic substitution median filters are used t¢ eliminate noise
from 2-D input images. (p. 100)

5:45 PM

MH4 Parallel Addition and Subtraction in One Computing
Cycle Using Optical Symbolic Substitution, G. Pedrini, R.
Thalmann, K. J. Welble, U. Neuchatel, Switzerland. An oaiical
symbolic substitution system is presented which performs
both addition and subtraction in paraiiel within one comput-
ing ¢, cle. Technique and experimental results are presented.
(p. 104)




TUESDAY, FEBRUARY 28, 1989

SALON D
6:30 AM-8:00 AM  BUFFET BREAKFAST

SALON FOYER
700 AM-8:00 PM  REGISTRATION/SPEAKER CHECKIN

SALON F

8:00 AM-9:00 AM

TuA OPTICAL INTERCONNECTIONS: 1

H. John Caulfield, !Jniversity of Alabama in Huntsville,
Presider

8:00 AM  (Invitad Paper)

TuAt1 Opticri Computing Research at MCC, Steve Red-
tield, Mi-roo‘ectronics & Compuier Technology Corp. MCC
has been \.oking at the us: of optics in coinputing systems
to overcome barriers that are itadequately addressed by
electronics. The history, motivatiun, and successes of these
effcrts are presented. (p. 110)

8:30 AM

TuA2 Modified Brewster Telescopes, Adolf W. Lohmann,
Wilhelm Stork, U. Erlangen, F. R. Germany. For a 1-D perfect
shuftle of 2.D data arrays do we need a 2:1 anamorphic imag-
ing system? Modified Brewster telescopes are suitabie.

{p. 114)

8:45 AM

TuA3 Optical implementations of Interconnection Net-
works for Massively Paraliel Architectures, Jullan Bristow,
Aloke Guha, Charles Sullivan, Honeywell, Inc. The connec-
tivity requirements of massively parallel architectures have
been examined. Guided wave optical interconnections offer
advantages over free-space implementations. Performar.ce
of the interconnection medium is reported. (p. 118)

SALON F

9:00 AM-10:00 AM
TuB OPTICAL INTERCONNECTIONS: 2
John F. Walkup, Texas Tech University, Presider

9:00 AM

TuB1 implemevtation of Dynamic Holographic Intercon-
nects with Varlable Weights in Photorefractive Crystals, A.
Marrakchi, J. S. Patel, Belicore. The double-exposure and
time-average holographic techniques are applied to elemen-
tary gratings in photorefractive crystals, resulting in a
variable interconnection strength. In fan-in and fan-out situa-
tions where muitiple phase gratings are fraquency multiplex-
ed, it is possible to alter separately each Interconnection
without affecting the others. (p. 124)

8:15 AM

TuB2 Energy Efficiency of Optical Interconnection Using
Photorefractive Dynamic Holograms, Arthur Chiou, Pochi
Yeh, Rockwell International Science Center. The energy ef-
“C;eﬁcy (7]) oftioN %N nd\-vn::sdfable vp::vu: fnterconnece
tions and N x N crossbar switches using photorefractive
dynamic holograms is investigated experimentally for ¥V = 4,
8, and 16. The results, for a BaTIQ? crystal, on energy distri-
bution, crosstalk, and the dependence of 7 on N are present-
ed and discussed. (p. 178)

9:3C AM

TuB3 Free-Space Optical Interconnection Schems, Alex
Dickinson, Michael E. Prise, AT&T Bell Laboratories. We de-
scribe mechanisms for performing free-space intermodule
optical interconnections within a digital electronic computer
utilizing large arrays of light beams. A particular architecture
and its ongoing implementation with integrated components
is discussed. (p. 132)

9:45 AM

TuB4 Microoptic Systems: Zssential for Optical Comput-
ing, J. L. Jewell, S. L. McCall, AT&T Bell Laboratories.
Modern computers require compact systems or subsystems.
Advantages of using microoptics in array-based optical com-
puters are cited, and some technological progress is review-
ed. (p. 136)

SALOND
10:00 AM-10:30 AM COFFEE BREAK

SALON F

10:30 AM-11:30 AM
TuC OPTICAL INTERCONNECTIONS: 3
J. Shamir, University of Alabama in Huntsville, Presider

10:30 AM

TuCt 2:D Optical Timmed Inverse Augmented Data Man-
ipulator Networks, T. J. Cloonan, M. J. Herron, AT&T Bell
Laboratories. Two-dimensional trimmed inverse augmented
data manipulator neiworks are defined and analyzed. An op-
tical implementation is then described using computer-gen-
erated binary phase gratings. (p. 142)

10:45 AM

TuC2 Alignment and Performance Tradeoffs for Free-
Space Optical interconnections, Dean Z. Tsang, MIT Lincoln
Laboratory. Efficiency, speed, and alignment sensitivity
tradeoffs of free-space optical interconnections have been
evaluated and an 18.8% efficient 1-Gbit/s free-space link has
been demonstrated. (p. 146)

11:00 AM

TuC3 Optical Holographic iInterconnection Networks for
Parallel and Distributed Processing, Freddie Lin, Physical
Optics Corp. An optical volume holographic approach is pro-
posed to relieve the bottleneck and complexity of intercon-
nection networks for large-scale multicomputer systems.
(p. 150)

11:15 AM

TuC4 Light Effective Perfect Shuffle Using Fresnei Mimors,
Yunlong Sheng, Henri H. Arsenault, U. Laval, Canada. A re-
liable 2-D optical parfect shuffle using self-luminous inputs
and light effective Fresnel mirrors is introduced. Spatial light
modulators are used for the excnange box. {p. 154)

SALON F

11:30 AM-12:30 PM

TuD OPTICAL COMPUYING SYSTEMS AND
COMPONZENTS

Satoshi Ishihara, Optoelectronic Industry & Technology
Develonment Assoriation, Japan, Presidar

11:30 AM

TuD1  Techniques for Amay illumination, Norbert Streibl, U.
Eriangen-Muremberg, F. ? Germany; Jurgen Jahns, AT&T
Bell Laboratories. In an optical computing systen compris-
ing free-space Interconneciions, the uniform iflumination of
2-D arrays of nonlinear devices is a crucial task. Various
techniques using Fraunhofer diffractic. Fresnel diffraction,
and spatial filtering are «ompared (p. 160)




TUESDAY, FEBRUARY 28, 1989—Continued

11:45 AM

TuD2 Amay Hiuminator Using a Grating Coupler, Mitsuo
Takeda, U. Electro-communications, Japan; Toshihiro Ku-
bota, Kyoto Institute of Technology, -Japan. An Integrated op-
tical array illuminator is proposed. The principle and prefim-
inary experiments of an array illuminator using grating coup-
lers are presented. (p. 164)

1200 M

TuD3 Substrate Mode Holograms for Optical intercon-
nects, Raymond K. Kostuk, Masayuki Kato, Yang-Tung
Huang, U. Arizona. The advantages and design considera-
tions for free-space holographic interconnects are discuss-
ed. Gubstrate mode holograms for this application are in-
troduced and experi:nentally demonstrated. (p. 168)

1215 PM

TuD4 Hybrid Acoustooptic Spectrum Analyzer for Radio
Astronomy with Semiconductor Lasers, N. N. Evtihiev, V. V.
Perepelitsa, Moscow Engineering Physics Institute, USSR;
N. A, Esepkina, S. V. Pruss-Zhukovsky, O. N. Viasov, S. K.
Kruglov, Leningrad Polytecknic Institute, USSR. A hybrid
acoustooptic spectrometer with a semiconductor laser is in-
vestigated. The whole system is controlled by computer, and
it provides high SNR and a large frequency band. Character-
istics of phased array diode lasers in the spectromater are
presented. (p. 172)

12:30 PM-200 PM LUNCH BREAK

SALON F

2:00 PM-2:45 PM
TuE OPTICAL COMPUTING S STEMS: 1
Steven C. Gustafson, University of Dayton, Presider

2:00 PM (Invited Paper)
TuE1 Perspectives in Optical Computing, John Neff, Du-
Pont Corp. (p. 176)

2:30 PM

TuE2 Energetic Advantage of snalog Over Digital Comput-
ing, H. John Caulfieid, U. Alabama in Huntsville. | show that
some analog computers have no minimum energy per
calculation. This arises from the quantum mechanical nature
of the photon-computer interaction. (p. 180)

SALONF

2:45 PM-3:30 PM
TuF OPTICAL COMPUTING SYSTEMS: 2
George Eichmann, CUNY-City College, Precider

245 PM

TuF1 Tantalus and Optical Computing, W. Thomas
Cathey, U. Cororado. Optics promises several advantages
over electronics in computation. We explore these promises,
the ones that are likely to be fulfilled, and those that remain
tantalizing but unattainable. (p. 186)

3:00 PM

YuF2 The Mock Counter, Ann B. Yadlowsky, Harry F. Jor-
dan, U. Colorado. An optoslectronic emulation of an optical
counter is described. It is a first step toward a complete bit-
serial optica» computer based on fiber optics. (p. 189)

315 P

TuF3 Cascade Connaciive Optical Logic Processor Using
2.0 Electrophotonic Devices, S. Kawai, Y. Tashiro, H.
ichinose, K. Kasahara, K, Kuboca, NEC Corp., Japan. A new
optical logic algorithm for an optical processo: with cascade
connectability is presented. Construction and operation of a
compact optical processor have been successful. (p. 193)

SALON D
3:30 PM-4:00 FM COFFEE BREAK

SALON F

4:00 PM-5:00 PM
TuG OPTICAL COMPUTING SYSTEMS: 3
William Miceli, /.S. Office of Naval Research, Presider

4:00 PM

TuG1 Computational Origami: the Folding of Circuits and
Svstems, A. Huang, AT&T Bell Laboratories. A technique
which regularizes and folds circuits and systems to match
the parallelism of optics is presented. (p. 198)

4:15 PM

TuG2 All-Optical Game of Lite Computer, Lawrence H.
Domash, Foster-Miller, Inc.; Mark Cronin-Golomb, Tufts U. A
photorefractive all-optical cellular automaton computer is
proposed, based on the computationally universal Game of
Life model. The design addresses generic problems of thres-
holding, binarization, storage, timing, and error propagation.
(p. 202)

430 PM

TuG3 Optical Disk-Based Correlation Architectures, Deme-
tri Psaltis, Mark A. Neifeld, Alan Yamamura, California Insti-
tute of Technology. We describe and experimentally demon-
strate three optical image correlator architecture that are
implemented using optical memory disks. More than 10,000
image correlations per second is achievable. (p. 206)

445 PM

TuG4 Proposal for an Optical Content Addressable Mem-
ory, Miles J. Murdocca, AT&T Bell Laboratories; John Hall,
Saul Levy, Dcnald Smith, Rutgers U. A content addressable
memory design that demands high throughput is proposed
for arrays of optically nonlinear logic gates interconnected in
free space. (p. 210)

SALON F

§:00 ®M-6:00 PM

TuH OPTICAL COMPUTING SYSTEMS: 4

Adoif W. Lohmann, University of Erlangen-Nuremberg,
F. R. Germany, Presider

5:00 PM

TuHi Optical Outer Product Look-up Tab!s Architectures
frr Residue Arithinetic, Mark L. Heinrich, Ravindra A, Athale,
Michae! W. Haney, BDM Cc+x. An optical cuter produc. ar-
chitecture that minimizes gate count is described to imple-
ment arbitrary integer-valued functions of two variables in a
single gate delay using a position-coded residue repre-
sentation. (p. 216)

515PM

TuH2 Optical Transversal Fiiter with Variable Weights,
Debra M. Gookin, Mark H. Berry, U.S Naval Ocean Systems
Center. Tnis fiber optic tapped delay line transversal filter
uses computer controlled Integraied optical two-by-two
couplers to vary the tap weights. (p. 220)

5:30 P1A

TuH3 Integrated Optoelectronic Cellular Array for Fine-
Grained Parallel Processing Systems, M. Hibbs-Brenner, S.
D. Mukherjee, M. P. Bendett, Honeywell, inc.; A. R. Tanguay,
Jr., U. Southern California. The design, scxability, and po-
tential uses of an optoelectronic celiular ar:ay are described.
Results are presented on the fabrication of the integrable
components. (p. 223)

5:45 PM

TuH4 Optoelectronic Parallel Processing Arrays: System
Architecture and Progress Toward a Prototype, Timothy J.
Drabik, Thomas K. Gaylord, Georgia Institute of Technology.
A VLSI-based optoelectronic parallel praocessing array meth-
odoiogy s presented and contrasted with all-optical ap-
proaches. Experimental results relating to a prototype sys-
tem are discussed. (p. 227)
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SALON D

T:30 PM-9:30 PM
Tul POSTER SESSION
Refreshments served

Tult Programmable Emulation with the Optical Recon-
figurable Loglc Array, F. F. Zeise, P. S. Guilfoyle, OptiComp
Corp. We discuss an optically implemented reprogrammable
logic array using control logic to coinpute ALU primitives for
emulating a general purpose programmable computer.

(p. 232)

Tul2 Optical Multiple-Valued Logic Using Composite Bi-
stable Laser Diodes or Light-Emitting Diode Circuits, Shutian
Liu, Chunfei Li, Jie Wu, Yudong Liu, Harbin Institute of
Technology, China. Using composite bistable laser diode/
light-emitting diode circuits, we demonstrate optical multi-
ple-valued logic functions that have the potential for optical
signal processing and optical computing. (p. 236)

Tul3  Optical-Holographic-Associative-Memory-Based Par-
allel Register Transfer Processor, George Eichmann, Andrew
Kostrzewski, Dai Hyun Kim, Yao Li, CUNY-City College. Op-
tical-holographic-associative-memory-based register transfer
microoperations are proposed. Experimental results ob-
tained with a hybrid optical parallei digital register transfer
processor are presented. (p. 240)

Tul4 Optical Network Design for a Bit-Serial Parallel Pro-
cessor, Adolf W. Lohmann, Gregor Stucke, U. Erlangen-
Nuremberg, F. R. Germany. A bit-serial parallel processur
under SIMD contro! may be extended into a hybrid system
with an optical network for shuifling and cyclic shifting.

(p. 244)

Tul5 Symbolic Substitution-Based Parallel Adder/Subtract:
er, S. Barua, California State U. A highly parallel optical ad-
der/subtracter based on symbolic substitution is presented.
The architecture performs addition/subtraction in two stages
regardless of the length of the operands. (p. 246)

Tulé Using a Symbolic Substitution Method on Optical
Matrix Multiplication, Kuo-fan Chin, Minxian Wu, Shaomin
Zhou, Tsinghua U., China. The method of symbolic substitu-
tion combined with an outer product of matrices is proposed
for solving optical matrix multiplication, with high accirac
and calculating speed. (p. 250)

Tul? Comelation Algorithm and Architecture for Optical
Complex Discrete Fourier Transformation, Hongxin Huang,
Liren Liu, Zhijiang Wang, Shanghai Institute of Optics and
Fine Mechanics, China. A multichannai incoherent optical
correlater for performing complex DFT Is proposed. The
matriy-code method of complex DFT is discussed, and some
properties are demonstrated. (p. 254)

Tul8 GaAs Waveyuide Microlenses and Lens Arrays with
Uses in Data Processing and Computing, T. Q. Vu, C. S. Tsai,
UC-Irvine. We report the first, we believe, successful fabrica-
tion of planar waveguide microlenses and lens arrays in
GaAs by using ion milling. The single lenses and lens arrays
of analog Fresnel, chirp grating, and hybrid types fabricated
have shown high efficiencies and near ¢ ffraction-limited

H 1 nem
Spot 5izes. {p. 250)

Tul9 Intelligent Optical Processors, Anjan Ghosh, U. lowa.
Ideas of bimodal optical computing and matrix-precondition-
ing are combined to develop intelligent optical processors
that adapt the computations depending on data to produce
accurate solutions in a given time. (p. 262)

ix

Tuli0 Uses of a Poiarization-Based Optical Processor,
Abraham P, Ittycheriah, John F. Walkup, Thomas F. Krile,
Texas Tech U. A cascadable polarization-based optical pro-
cessor is used to perform lcgic functions and Walsh and
Haar transforms. Critical parameters are presented. (p. 266)

Tull1 Guided Wave Vector-Matrix Muitiplier, Mark H.
Berry, Debra M. Gookin, U.S. Naval Ocean Systems Center. A
versatile fiber optic and integrated opiic system for forming
vector-matrix products is described Large matrices can be
input and multiplied in nanoseconds. . 270)

Tul12 Image Processing Using Polarization-Encoded Op-
tical Shadow-Casting. 2: Edge Detection, A. A. S. Awwal,
Mohammad A. Karim, U. Dayton. A powerful space-variant
image processing technique, namely, edge detection, is per-
formed using a polarization-encoded optical shadow-castirg
system. (p. 272)

Tul13 Polarization-Based Optical Computing Using Liquid
Crystals, Johannes D. Roux, F. Wilhelm Leuschner, U.
Pretoria, South Africa. The demonstration of a novei parallel
optical logic gate using polarization-encoded logic and liquid
crystal spatial light modulators is reported. (p. 276)

Tul14 Single-Element 2-D Bragg Cells for Optical Comput-
Ing, Jolanta I. Soos, Douglas C. Leepa, Ronald G. Rosemeier,
Brimrose Corp. of America. The cubic crystallographic sym-
metry of gallium phosphide makes this crystal a good candi-
date for single-element 2-D acoustooptic defiectors. (p. 280)

Tults Multiplexed Waveguide Hologram for Optical Pro-
cessing and Computing, Freddie Lin, Pi.ysical Optics Corp.
Waveguide phase holograms which have high-density stor-
age capacity and a large number of multipiexed channels
are useful in optical computing and signal processing.

(p. 281)

Tult6 Dynainic Optical interconnection for Reconfigurable
Neural Networks, Bradley D. Clymer, Qiu-Shi Ren, Chio State
U. An optical interconnection system which allows dynamic
reconfiguration of a neural network is discussed. We present
a novel use of a two-level holographic reconstruction sys-
tem. {p. 285)

Tuli7 Entropy-Optimized Filter for Pattemn Recognition, Uri
Mahla*, Michael Fleisher, Joseph Shamir, Technion, Israel,
We introduce the entropy function as a new concept in the
generation «f spatial filters for pattern recognition and
classificatic 1. Computer simulation experiments demon.
strate efficie.nt recognition of single patterns or classes even
when these are submerged in high-level random noise.

{p. 289)

Tult8 Synchronous Discrete Neural Networks for Minimi-
zation, Huk Lee, Polytechnic Institute of New York. A
general neural minimization algorithm, which can be applied
to arbitrary types of polynomial energy function, is present-
ed. The algorithm can be operated in a synchronous as well
as asynchronous way. The synchronous algorithm can be
implemented by highly parallel optical systems. (p. 292)

Tul19 Optical Error Correction by Adaptive Thresholding,
David Kagan, California Institute of Technology; Harry Fried-
mann, Bar-llan U., Israel. Using a control beam, which is pro-
portional to a detected error, to shift the soft thresholding
output curves of a nonlinear optical device, ¢-ror correction
can be made. {p. 296)

Tul20 Netral Network Modelc Based on Optical Resonaior
Designs, Steven C. Gustafson, woidon R. Little, U. Dayton.
Neural network models consistent with optical resonator de-
signs that may include dynamic holograms and thrasholded
phase conjugate mirrors are considered. (p. 300)

Tul21 Impiementation of the NETL Knowledge-Base Sys-
tem with Programmable Optoelectronic Multiprocessor Ar-
chitecture, Fouad Kiamilev, Sadik Esener, UC-San Diego.
Programmable optoelectronic multiprocessor architecture is
weli suited for implementing the massively parallel NETL
knowledge-based system, because the syinbolic data struc-
ture can be directly mapped onto POEM hardware. {p. 303)
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Tul22 Trainable Optical Network for Pattern Recognition,
John H. Hong, Pochi Yeh, Rockwell international Science
Center. An optical implementation of a single layer network
for pattern recognition 1s described, in which both subtrac-
tive and additive changes of (he weights can be made.

{p. 307)

Tul23 Optical implementation of Association and Leaming
Based on PRIMO/Light Valve Devices, U. Efron, Yuri
Owechko, Hughes Research Laboratories. An optical outer
product associative memory system is proposed, based on
the PRIMO and light vaive devices, that is capable of super-
vised learning. (p. 311)

Tui24 Themral Nonlinear Microcavity and Optical Com-
puting, C. Godsalve, E. Abraham, Heriot-Watt -J., U.X. Char-
acteristics of thermal nonlinear microcavities with raspect to
spot size, radius, height, and thermal conductivities are
analyzed, and their use in optical computing is considered.
(p. 315)

Tul2§ Two-Beam Coupling Polarization Properties in BSO
Using Altemating Electric Fields, G. Pauliat, G. Roosen, In-
stitute of Theoretical & Applied Optics, France. The coupled-
wave theory is used to predict all the properties of the
amplified beam. In some specific experimental conditions
these characteristics are time independent. (p. 318)

Tul26 Band-Tunable Multichannel Scale Invariant Pattem
Recognition System with Zone Plates, Minhua Liang,
Shudong Wu, Liren Liv, Zhijiang Wang, Shanghai Institute of
Optics & Fine Mechanics, China. A new system of scale in-
variant pattern recognition, which has a large scale-tunable
and movable range and utilizes zone plates, is investigated.
{p. 322)

Tul27 Hybrid Optical Processing for Measuring the
Refractive-Index Profile in Single-Mode Fibers, T. Nobuyoshi,
Okayama-Rika U., Japan. A new measuring tecanique for the
calculation of the refractive-index profile in single-mode
fibers is proposed through the use of hybrid optical process-
ing. {p. 326)

Tul28 Hardware Requirement for 2.D Image Convolution in
Electrooptic Systems, M. Mary Eshaghian, D). K. Panda, V. K.
Prasanna Kumar, U. Southern California. We show a lower
bound on the volume requirement of any electrooptical chip
for 2-D image convolution. The resuits are based on a parallel
model of computation using optical interconnects. (p. 330)

Tul29 Optical Systems Tolerances for Symmetric Self-
Electrooptic Effect Devices in Opticat Computers, Nick C.
Craft, Heriot-Watt U, U. K.; Michael E. Prise, AT&T Bell Lab-
oratories We investigate the optical tolerance requirements
of diffarential optical logic devices such as the symmetric
SEED and deccribe a two-element array generation tech-
nique. (p. 334)

Tul30 Tolerance Analysis and Design of Optical Pro-
cessors, J. F. Snowdon, B. S. Wherrett, Heriot-Watt U., UK. A
tolerance design methorology for optical processors is pre-
sented. Examples of both fixed pipeline and programmable
processor architectures are analyzed and design strategies
discussed. (p. 338)

Tul31 Optimization of Binary Phase Only Filters with a
Simulated Annealing Algorithm, Myung Soo Kim, Michael R.
reidman, Clark L. Guest, UC San Diege. A simulated
annealing 2lgorithm to encode optimum binary phase only
filters is introduced. It is shown that similar patterns in-
c.stinguishable with conventional encoding methods, are
«learly distinguished with the optimized filter. (p. 342)

Tui32 Computer Holographic Elements Using PostScript
Laser Printers, Lawrence Domash, Philip Levin, Foster Miller,
Inc. The FustScript software environment and industrial
laser t* pesetters with 10-um resolution are capable of con-
veniently producing masks for a variety of diffractive optical
elements, (p. 346)

WEDNESDAY, MARCH 1, 1989

SALOND
6:30 AM-8:00 AM BUFFET BREAKFAST

SALON FOYER
7:00 AM-5:30 PM  REGISTRATION/SPEAKER CHECKIN

SALON F

8:00 AM-8:00 AM
WA DIGITAL OPTICAL COMPUTING: 1
John A. Neff, DuPont Corporation, Presider

8:00 AM (Invited Paper)

WA1 Digital Optical Computing with Fibers and Directional
Couplers, harry F. Jordan, U. Colorado. We discuss the goal
of the Digital Optical Computing program of the University of
Colorado’'s Center for Optoelectronic Computing Systems:
to design and demonstrate a prototype of a stored program
optical computer using the knowledge base developed in
connection with electronic digital computers. (p. 352)

8:30 AM

WA2 Dynamic Optical Processing for Paraliel Digital Addi
tion and Suttraction, Takashi Kurokawa, Seiji Fukushima,
NTT Optoelectronics Laboratories, Japan; Hideo Suzuki,
NTT Communications & Information Processing Labora-
tories, Japan. Dynamic parallel arithmetic processing is
demonstrated for digital addition and subtraction. Real-time
operation Is achieved by synchronous control of logic gates
and latche memories. (p. 356)

8:45 AM

WA3 Flexible-Structured Computation Based on Optical
Amay Logic, Jun Tanida, Masaki Fukui, Yoshiki Ichioka,
Osaka U., Japan. Flexible-stiuctured computation is con-
sidered with array logic. As examples of such a paradigm, a
Turing machine and a systolic computing array are demon-
strated. (p. 360)

SALON F

9:00 AM-10:00 AM
WB DIGITAL OPTICAL COM« TING: 2
Ravindra A. Athale, BDM Corpcration, Presider

9:00 AM

WB1 Reconfigurable Programmable Optical Digital Com-
puter, P. S. Guilfoyle, F. F. Zeise, OptiComp Corp. Previous
optical computing schemes offered analog or quasidigital
accuracies with a single fixed primitive. This paper describes
how programmable, arbitrary bit !ength, all-digital central
processing unit computations are now possible. (p. 366)

.15 AM

WB2 Prograrnmable Logic Gate Array and its Use in a Re-
configurable Network Based on Modified Sign Digit, Yoshiki
Suzaki, Toyohiko Yatagal, U. Tsukuba, Japan. A ternary pro-
grammable paraliel logic gate array is designed to make
dynamic interconnection. We made a prototype electrooptic
gate ang simulated a MSD adder. {p. 370)

8:30 AM

WB3 Optical Programmable Binary Symmetric Logic
Module, Yao Li, Berlin Ha, George Eichmann, CUNY-City
College. An optical prograramabie binary symmetrical logic
module (OPBSLM) is proposed. Diversified uses of the OPB-
SI.M and an experimental demonstration are discussed.

(p. 374)
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9:45 AM

WB4 Optical Raalization of Arithmetic Operations in a Ter-
nary Number System, E. M. Dianov, A. A. Kuznetsov, S. M.
Nefjodov, G. G. Voevodkin, Academy of Sciences of the U, S.
S. R. Optical realtzation of addition and muitiplication opera-
tions is possible in 2 ternary number system. Opticaily con-
trolled LCLV bichromatic light source and optical feedback
are used.(p. 378)

SALOND
10:00 AM-10:30 AM COFFEE BREAK

SALON F

10:30 AM-11:15 AM

WC DIGITAL OPTICAL COMPUTING: 3

Alexander A. Sawchuk, University of Southern California,
Presider

10:30 AM  (Invited Paper)

WC1 Business and Technological issues for the Commer-
clalization of Optical Computing, Henry Kressel, E. M. War-
burg, Pincus & Co. The major technological elements en-
compassed by optical computing are discussed in terms of
their applications. Comparisons with the successful com-
mercial introduction of other optical technologies are made
to highlight the elements contributing to their success.

{p. 384)

11:00 AM

WC2 All-Optical Full-Adder Based on a Zinc Sulfide Optical
Bistable Device, Ruibo Wang, Zizhong Zha, Lei Zhang,
Chunfei Li, Harbin Institute of Technology, China. Operation
of a single-gate full-adder with on-axis input has been dem-
onstrated experiment. ‘ ;. A multibit full-adder circuit based
on a single ZnS interference filter is proposed. (p. 385)

SALON F

11:15 AM-12:30 PM
WD MATRIX ALGEBRAIC PROCESSING
Witliam T. Rhodes, Gzorgia Institu‘e of Technology, Presider

11:15 AM

WD1 Electrooptic Architecture for Solving General Sparse
Linear Systems, M. Mary Eshaghian, V. K. Prasanna Kumar,
David W. Tang, U. Southern California. We present an effi-
cient electrooptical implementation of the iterative solution
of general sparse linear systems. Our design achieves an op-
timal time of O (log m) for each iteration, where m is the
number of variables. (p. 390)

11:30 AM

WD2 Digital Optoelectronic Processar Array Architectures
for Vector-Matrix Multipiication, Michael R. Feldman, Clark
C. Guest, UC-San Diego. Interconnection networks for op-
tically interconnected electronic processor arrays have been
developed. These networks have area and time growth rates
for vector-matrix multiplication close to fundamental lower
bounds. (p. 394)

11:45 AM

WD3 Hybrid Optoelectronic Coprocessor Implementation
inside a Computer Workstation, Guy Lebreton, U. Var,
France; Remy Frantz, Compagnie Europeenre des Tech-
niques de lngenierie Assistee, France. A loop with con-
tinuous relaxation is formed between sixteen narailel laser
diodes and photodiodes, connected through an acousto-
optic matrix (muitichannel Bragg cell with muitiplexed fre-
quencies). (p. 398)

1200 M

WD4 Theoretical Description of the Bimodal Optical Com-
puter, A. V. Scholtz, E. van Rooyen, U. Pretoria, South Africa.
A theoretical analysis of the analog feedback loop of the
bimodal optical computer (including the multiple eigenvalue
case) is discussed, with reference to convergence requirs-
ments. (p. 402)

1215 PM

WDS Sequential Logic Operation Using an Optical Parallel
Processor Based on Polarization Encoding. Masashi Hashi-
moto, Ken-ichi Kitayama, NTT Transmission Systems Lab-
oratories, Japan; Naohisa Mukohzaka, Hamamatsu Pho-
tonlcs K. K., Japan. Experimental sequential logic operation
by a all-optical parallel processor using polarizavion ercod-
ing is shown. Optical latches and a spatial decoder in the op-
tical feedback path are key elements. {p. 406)

12:30 PM-2:00 PM LUNCH BREAK

SALON F

2:00 PM-5:30 PM

WAA JOINT PHOTONIC SWITCHING AND OPTICAL
COMPUTING PLENARY SESSION

Joseph W. Goodman, Stanford University, Co-presider
John E. Midwinter, University College London, UK.,
Co-presider

2:00 PM  (Plenary Paper)

WAA1 OEIC Technology for Photonic Switching, S.
Yamakoshi, Fujitsu Laboratories, Ltd., Japan. OEIC tech-
nology promises to construct new optical systems such as
photonic switching, routing and other optical processing
operations. The state-ofthe-art and future prospects of
OEICs for photonic switching are discussed. (p. 412)

2:45 PM  (Plenary Paper)

WAA? Quantum Well Devices for Optical Computing and
Switching. David A. B. Miller, AT&T Bell Laboratories. Quan-
tum well electroabsorptive seif-electrooptic-effect devices
are atwractive for 2-D arrays for switching and processing.
Novel integrated configurations and progress toward arrays
are summarized. (p. 413)

SALON D
3:30 PM-4:00 PM COFFEE BREAK

400 PM (Plenary Paper)

WAA3 Switching in an Optics! intercor nect Environment,
Joseph W, Goodman, Stanford U. The requirements placed
on switching in an vptical interconnect environment differ
significantly from those present in long distance telecom-
munications, allowing new approaches to switch realization.
{(p. 416)

4:45 PM (Plenary Paper)

WAA4 Relationship Between Photonic Switching and Op-
tical Computing, H. Scott Hinton, AT&T Bell Laboratories. An
outline of the relationship between the hardware re-
quirements of photonic switzhing and coptical computing
systems is presented. (p. 418)

5:30 PM-5:45 PM

CLOSING REMARKS

Alexander A. Sawchuk, University of Southern California
C. Lee Giles, Air Force of Scientific Research

SALON D
6:00 PM-7:30 PM CONFERENCE RECEPTION




MONDAY, ¥EBRUARY 27, 1989
SALON F
3:30 AM-9:30 AM
MA1-MA2
NEURAL SYSTEMS: 1

C. Lee Giles, Air Force Office of Scientific Research,
Presider
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Optical Implementations of Neural Computing
Ravindira A. Athale
The BDM Corp.
7915 Jones Branch Dr.
McLean, VA. 22102

BACKGROUND:

Achieving performance comparable to human beings in
speech recognition, visual perception, motor control and
knowledge acquisition, representation, and processing is one
of the most difficult and exciting challenges facing the
information processing research community. Recently neural
net models of computation have been investigated as a novel
approach for solving these problems. These proposed models
are only loosely based on the known and postulated
characteristics of biological systems and no claim is
usually made for these models to be biologically accurate.

In spite of the diversity in the characteristics of
neural net models reported in the literature, the following
common features emerge:

1. A very large number of relatively simple
processing elements (neurons) are arranged in densely
interconnected layers,

2. the interconnections between the Processing
Elements (PEs) have analog weights indicating the strength
of the interconnections,

3. the interconnection weights evolve under the
influence of external inputs without a central controller.

In different neural net models, the complexity of the
operations performed within the PE varies from a simple sum-
of-products to spatio-temporal differentiation of weighted
inputs with some local storage. Similarly the details of
the dynamics of the interconnection weights are also heavily
model-dependent.

The research in neural nets can be divided into three
main areas:

(1) theoretical investigation of new models,

(2) applications of existing models to interesting problems,
(3) hardware implementations (optical and electronic) of
existing models.

In this paper 1 will primarily focus on the optical
implementation of existing models.
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OPTICAL IMPLEMENTATION OF NEURAL NET MODELS:

The simplest neural net models are based on a PE that
evaluates a weighted sum of its input signals and applies a
nonlinear transfer function to the resulting scalar value
before transmitting it as its output signal to subsequent
stages. This functionality can be realized in analog nptics
via systems thac are largely identical to the correlators
and matrix processors previously investigated in optical
computing. The nonlinear transfer function can be achieved
through the response of the active devices (all-optical or
hybrid electroovntical). A more complex PE becomes harder to
directly realize in optics except in the cases where the
desired response maps onto the physics of the active device,
e.g. exponentially weighted time-integration achieved in a
device due to its finite response time. When such a match
is not found, analog electronic components may be necessary
in addition to the optical detectors and modulators/sources.
Thus the PE implementation in optical neural nets will
contain varying amounts of electronics depending its
functional complexity.

The analog-weighted interconnects between the PEs can
be implemented optically using several different
technologies. If the neural net model does not require
real-time adaptability of the weights, then film masks or
holograms can be used to encode the analog weights, while
conventional optical elements (spherical and cylindrical
lenses) perform the signal distribution function. Spatial
Light Modulators (SLMs) and real-time holographic materials
(thermoplastics, photorefractive crystals) become necessary
when the models demand real-time adaptability of the
interconnection weights. For both cases, 2-D (planar) and
3-D (volume) analog storage techniques can be employed. The
former has the advantage of relative technological maturity
while the latter has a higher theoretical storage capacity.

Several optical neural net implementations have been
proposed and demonstrated experimentally during the past
four years. References 1 and 2 represent a comprehensive
collection of papers describing this research. One class of
optical neural net systems are based on optical matrix
processing architectures where the PEs are represented by a
1-D vwector. The second class of systems are primarily
derived from Fourier plane correlators which use 2~D images
to represent PE signals. Both of these systems utilize
pianar (2-D) storage media. The third class of optical
systems uses volume holographic storage of analog
interconnect weights. Finally a number of optical systems
based on nonlinear rescrators have been investigated. In
these systems the similarity between the dynamics of the
neural net model and the resonator is exploited.
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The future directions of research in optical neural
computing will be heavily influenced by developments in the
studies of new models as well as the applications of these
models. The ease of implementing simple PEs ng analog
optics, the high analog storage density of 2-D (10°) and 3-D
(109) optical systems, and the parallel access to these
weights represent the primary advantages of optics as
applied to neural net models. Hence it will be the ability
of neural net models based on these features in attacking
interesting problems that will determine the utility of
optical neural net processors.

REFERENCES

1. Special issue of Applied Optics, 1 December 1987,
Vol.26, No. 23.

2. "Neural Network Models for Optical Computing",
Proceedings of S.P.I.E., Vol. 882, 1988,
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Electronic vs. Optical Implementations of Neura]l Networks*

Jay P. Sage
Massachusetts Institute of Technology
Lincoln Laboratory
Lexington, MA 02173-0073

1 Introduction

This paper will address for the optical community the relative advantages and limitations of
electronic neural network implementations in contrast to optical implementations. Its intent
is by no means to be adversarial. It is hardly necessary to say that today electronics has an
edge over optics in this field. The aim of the paper will be to help indicate the areas where
electronic and optical implementations can each make their most important contributions
and the areas in which advances in technology, particularly in optical technology, will be
required.

We will begin with a discussion of the general criteria that determine the general suit-
ability of a technology. Next, we will present a working definition of neural networks.
Then we will look in very general terms at the suitability of electronics and optics in meet-
ing the requirements of neural network implementations. Three areas will be considered:
conputation, memory, and connectivity. Finally, examples of electronic neural network
implementations from Lincoln Laboratory will be described to illustrate the earlier points.
These examples will not be covered in this summary, however.

2 Performance Criteria

The success of a technology in meeting practical application requirements depends on a
number of factors, among them the following:

o speed e capability

e density e maturity

e processing power ¢ interface & control
e power consumption e cost

The factors listed on the left are the technical factors that researchers readily appreciat..
We can measure them easily, their significance is obvious, and I will say only a little about
them. As for speed, some of the active optical devices required in neural networks are today
quite slow and will quite likely never reach the speed of electronic circuits. Density, on the
other hand, is likely to favor optics, especially where optics can take advantage of the third
spatial dimension.

*This work was supported by the Department of the Air Force and the Defense Advanced Research
Projects Agency.
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Processing power involves a combination of speed and density, and, as the biological
brain shows so dramatically, a technology can fall rather short in one area and still come
out a winner! How much processing power is required is not known, but my view is that
if the amount is smali, special neural network hardware (and probably neural networks
period) will not be needed. The amount of processing power required in each module of a
complete neural network subsystem is a separate question. Power consumption is another
area that is problematic for optical networks, since optical nonlinearities tend to occur only
at rather high power levels.

Now we turn to the factors in the right column. Obviously, before a technology can be
useful for an application, it must be able to perform the necessary tasks. Both optics and
electronics offer great promise for neural network implementations, but it is probably fair
to say that neither has yet demonstrated the capability completely and conclusively.

The time-frame within which practical solutions can be developed depends on the ma-
turity of the technology. Electronics, because of the explosion in digital applications, is now
a highly mature field. However, analog electronics, and especially nonprecision analog elec-
tronics of the type that may play an important roie in neural networks, has received little
attention. Thus technology development even in electrc.ics is very badly needed. Never-
thelees, electronic neural networks can benefit from the advances in fabrication technology
and can take advantage of digital control and interface circuitry. Nonlinear optics, on the
other hand, is relatively immature and will require significant techr.ology development.

A neural network will be only a part of an information processing system, and the
network will have to interface to and be controlled by other components in the system.
Since the rest of the system is most likely to be electronic, optical neural networks face a
handicap relative to electronic ones.

Being a rcientist, I had originally left the last factor, cost, off my list, though it is in
almost all cases the one with the ultimate importance!

3 Definition

As a point of departure, let us begin by attempting to define a neural network. This is
not easy to do, and it took considerable reflection before participants in the DARPA Neu-
ral Network Study accepted, as a basis for discussion, the following three-part definition
(slightly modified):

¢ A system composed of many simple processors, fully or sparsely connected, whose
function is determined by the connection topology and strengths.

o This system is capable of a high level function such as adaptation or learning with
or without supervision as well as lower level functions such as vision and speech
preprocessing.

o The function of the simple processors and the structure of the connections are inspired
by the study of biological nervous systems.
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4 Computation

From the first section of the definition we see that a neural network con prises a large
number of simple processors rather than the small number of complex proces ‘ors found in
conventional computers. We should note that “simple” does not. necessarily have its obvious
meaning here. The electrochemical processes in biological networks are, in fact, so com-
plex that even supercomputers have trouble simulating them. Rather, the computaticaal
elements in a neural network are simple in the sense that they do not perform a multitude
of different tasks as a CFU does; they perform a single, dedicated task, perhaps using a
physical or chemical process.

Neural networks perform three different computational operations in two computational
structures. The structural elements are (1) the neuro: s and (2) the synapses, each of which
connects a pair of neurons. The first computation is performed by the synapse, which takes
a signal from one neuron, operates on it in some (generally nonlinear) way that depends cn
the stored state of the synapse (often called the weight), and produces an output which is
delivered to another neuron.

The second computation is performed in the neuron, which combines the inputs from
all the synapses connected to it and produces an output that depends (again generally in a
nonlinear way) on the inputs. In praciice, the neural computation is greatly simplified by
assuming that the individual synaptic signals are first combined by linear summation and
that only this sum is operated on in a nonlinear way. For analog electronic implementations,
this simplifying assumption is of critical importance. The same is probably true for optical
implementations as well.

A third computational operation is required for the learning referred to in the second
paragraph of the definition. Although learning could be accomplished by introducing struc-
tural changes in the network architecture (creating or removing neurons or synapses or
changing the basic topology of their interconnection), learning is generally assumed to be
limited to changes in the synaptic parameters that affect their transfer functions. For this,
the synapses must perform a second type of computation, also nonlinear but different from
the computation performed durirg network readout.

In general, electronics offers great flexibility in the kinds of computational operations
it can perform, since high quality nonlinear devices are readily available. At one extreme,
any and all the computations can be performed using digital logic. Thus, the issue is not
whether the requirad network computations can be performed by an electronic network
but whether they can be performed efficiently, that is, by compact, high speed circuits.
It is this issue that drives implementers to analog electronics. For example, consider the
addition operation required in each neuron. Parallel addition of 100 8-bit digital inputs
from synapses would require an enormous ALU, but Kirckhoff’s Law can add 100 analog
currents effortlessly using a simple, tiny conductor. Optical detectors also perform this
operation fast, accurately, and effortlessly.

5 Memory

A neural network requires a mechanism for storing the synaptic state parameters. For
nonlearning networks, some kind of static storage, such as a mask-defined resistors or an




optical transparency, can be used. kor adaptive networks, however, memury becomes a
critical issue. Digital electronic memory is ezsily implemented, but it is not particularly
compact, as one of our example electronic networks ull illustrate. Neither electronics
nor optics has yet demonstrated an ideal analog memory, one that retains its information
faithfully yet is easy to update electrically or optically. Another electronic example will
illustrate the technology we have been developing for this purpose.

6 Connectivity

The first section of the neural network definition points to two featurss that determine the
function of a network. We have already discussed one, the strengths of the connections in
‘he network. The other one is the topology or architecture of those connections. This is
o..e of the key differences between neural networks and conventional computers, where a
software program determines the function.

A corresponding implementation issue is the types of connectivity that a given tech-
nology offers. Biology can construct its networks in three dimensions, while electronics is
essentially planar. Some network models, such as the Grossberg/Mingolla vision network,
involve complex or irregular patterns of connectivity between neurons and probably cannot
be implemented effectively using electronics.

Other networks map very well into a planar architecture. When only nearest neighbor
connectivity is required, the neurons can be laid out efficiently in a two-dimensional array
with the synapses in between. One serious problem remains, however: getting signals out
of the network. External connections to a chip are limited in number and must generally
be placed along the periphery of the chip. At the opposite extreme of connectivity — full
interconnection between two sets of neurons — electronics is again efficient. In this case,
the synapses greatly outnumber the neurons. The input neurons are arrayed in one line,
while the output neurons are arrayed in a second, perpendicular line. The synapses then fill
densely a two-dimensional rectangle. This arrangement is probably the most efficient one
for electronics, because the neurons are at the edge of the chip where external connections
can be made.

Connectivity is the one area where optics may have a clear advantage over electronics.
There can be a very large number of parallel I/O channels to and from a network, and when
synapses are packed into three dimensions the total density of processing elements can be
much higher.

7 Final Remarks

All neural network technology development, and especially that in optics, must turn its at-
tention from “toy” problems that illustrate only the particular strength of that technology
and begin to address the whole range of implementaticn issues. These include the develop-
ment of the necessary nonlinear devices not only for the network functions per se but also
for the control and interface functions needed to implement hierarchical neural network
systems.




MONDAY, FEBRUARY 27, 1989
SALON F
9:30 AM-10:00 AM
MB1-MB2
NEURAL SYSTEMS: 2

Henri Arsenault, Laval University, Canada, Presider




MB1-1

Implementation of Dynamic Hopfield-like Networks
using Photorefractive Crystals

Jeff Wilde and Lambertus Hesselink

Department of Applied Physics
Stanford University, Stanford, CA. 94305

Abstract

We present an architecture for optically implementing a digital associative memory us-
ing a coherent optical system. Bipolar information 1s holographically phase encoded in a
photorefractive crystal and upon readout is interferometrically phase decoded.

Summary

Numerous schemes for optical implementation of neural networks have recently been pro-
posed and demonstrated [1-4]. From among the many possible approaches, those involving
holographic storage of information appear very attractive due to the large potential memory
capacity. In addition, if the recording medium is dynamic, it is possible to make “trainable”
feed-forward networks as discussed by Psaltis et al [5]. In this paper we focus on the imple-
mentation of a readily reconfigurable Hopfield-like network in which a set of input/output
vector pairs with bipolar bits (i.e. 1) are stored via a sum of weighted outer-products.

To optically encode a vector, we let each bipolar bit be represented by a phase-encoded
plane wave having a unique direction of propagation. The fact that we have chosen a
plane-wave representation 1s not essential, but merely simplifies the analysis. Assuming that
each beam has unity amplitude, the general representation of the i’th element is simply
¢!k T=wttd)  where ¢ assumes a value of either 0 or m. To record the outer-product between
an input/output pair of vectors (i, 7), all waves representing the two vectors overlap within
the volume of a photorefractive crystal as shown in figure 1. The mutual interference between
the two sets of beams produces the desired outer-product matrix W = @¥?. Each matrix
element W}, is given by the time-averaged interference pattern formed between corresponding
beams,

VV’J — Iei(E~J"?+¢ua)+c‘(;"v1'77+¢01)|2

= =24 [ci(ic.wq +du~duy) + C.C.], (1)

where the grating vector l-c‘w,-j = ko — I—c'w. Since the values of the phase factors are limited

to 0 and 7, we have ®;; = @i — ¢, = Pui + ¢;. Assuining that the modulation depth of
any one grating is sufficiently reduced by the presence of other beams, the photorefractive
response is linear and is given by. -

An,-j =K e'(EW'J‘F'*'(PU"'oO), (2)
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Figure 1: General architecture for a 2-layer photorefractive neural net.

where 0, is a constant phase-shift between the intensity pattern and the resulting index mod-
ulation. Strictly speaking, the assumption of linear response requires that the multiplexed
gratings add incoherently. This is not the case with simultaneous recording, but can be
achieved with sequential recording [6]. Since parallel formation of the outer-product matrix
is highly desirable, we are currently investigating the effects of simultaneous recording. For
our discussion here, we will use the above equation as an approximate response, keeping in
mind its limitations.

To store the information contained in a set of M vector pairs, a complete memory matrix
Wret js generated by a linear combination of single-pair matrices W{™), The time-averaging
property of photorefractive crystals [7] makes them ideally suited for performing the required
summation. Time-division multiplexing the exposures of the intermediate matrices allows
the crystal to generate the average interconnection matrix. The exposure time 7,,, of any one
intermediate matrix W(™ determines its associated weighting coefficient. Hence, repetitively
illuminating the crystal with the complete set of vector pairs produces the following resp..use,

1 M
Anlft= =3 'rmAng-"). (3)
T° m=1
The exposure period T, for one complete M-step cycle must be no larger than the crystal
time-constant which typically ranges between tens of milliseconds to tens of seconds for CW
laser intensities. So An[e* represents W} and is simply a steady-state grating formed by

the weighted average of M individual phase-encoded gratings.

Once the network has been programmed, memory recall is invoked through a multipli-
cation of the storage matrix by an input vector. This operation takes place optically in
parallel via the diffraction process. Presenting the crystal with an input vector generates the
appropriate phase-encoded output vector. Each element of the output vector is a plane wave

11
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Figure 2: Experimental set-up for performing simple bipolar operations.

resulting from the superposition of many individual plane waves, the number of which is
given by the dimension of the input vector. At this point, an optical thresholding operation
that maintains the phase but normalizes the amplitude of each output beam will allow for
feedback to the input or propag .. on into another network layer. Such a thresholding could
possibly be implemented with 2 w.. :mixing techniques in ferroelectric photorefractives such
as BaTiO3 or SBN [8]. Lader .nropriate conditions, the output beams will be coherently
amplified to approximately a co.. .ant amplitude with the additional benefit of providing
the necessary gain to overcome c¢:lraction losses.

We report the resvlts of a simple experiment to test the feasibility of the phase-encoding
method. The layout is shown in figure 2. Two input beams (1"l and U2) are reflected off
piezo-mounted mirrors and interfere with a third output bean: (V1). The intensity of all
three beams was approximately 1 mW/cm?. Two steady-state gratings form in a crystal of
BSO that connect input to output. The output beam is then shuttered for 0.5 seconds, during
which one or both piezo-mirrors phase shift their respective beams by 7 for two separate 100
ms durations. When only one of the two input beams is phase shifted, the two diffracted
beams destructively interfere with each other as shown in figure 3a. The lower trace is
the driving voltage to the mirror and the upper trace is the resulting diffraction intensity
measured after the crystal (no phase detection). Note that the diffraction signal exhibits
a slight overall decay due to grating erasure. We could consistently obtain a result similar
to the onc shown as long as high-frequency table vibrations vere minimized. When both
mirrors move simultaneously, the diffraction intensity remains relatively constant as shown
in the lower trace of figure 3. However, the phase of the reconstructed beam alternates
between 0 and 7. To detect the phase, an additional grating recorded in a film plate is used
to coherently combine an external reference beam of fixed phase with the diffracted output
from the crystal. As seen in the upper trace of figure 4, the two different phase states are
detectable as two intensity states, We should mention that the use of a fixed hologram to
provide phase detection is not ideal since it cannot accommodate slow mechanical drift in
the system. However, nsing a second crystal for phase-detection will overcome this difficulty.
In conclusion, we feel these initial results indicate that the real-time volume holographic
properties of photorefractive crystals can provide a feasible means for implementation of
bipolar neural nets.

12
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Figure 3: Results showing a) crystal output for one phase-shifting mirror (upper trace), and
b) driving voltage (lower trace). Time sweep is 50 ms/div.

Figure 4: Results showing a) crystal output for both mirrors moving (lower trace), and b)
same signal after holographic phase detection (upper trace).
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Summary

This paper proposes to use an optical neural network for the real-time classificatior. of
normal and aberrant chromosomes in flow cytometry. It has been shown previously [1] that slit
scan flow cytometry allows such an anclysis for several problems of | ‘omedical importance.
Particularly, the rate of dicentric or translocation chromosomes can be ased for a measurement
of theradiationex.,”  Hn of a patient in biological dosimetry.

To that, metaphase chromosomes stained by a DNA specific fluorcchrome or by flu-
orescence hybridization are aligned in a flow cell by hydrodynamic focussing and pass a fo-
cussed lase; seam [2]. The stain distribution alc  the chromosomes is recorded. These chro-
mosome profiles allow a classification according to DNA content (centromeric index) or DNA
sequences. Presently, chromosome profiles can be acquired at a rate of up to 100/s [3]. Using
the reflection algorithm, profiles can currently be classificd due to their centromeric index at a
rate of 10/s [1]. To measure, e.g., radiation induced aberrations in the low dose .ange, it is
possible to increase the data acquisition rate by a factor of 10. This requires to speed up the
analysis by a factor of 100 which can be done by a multiprocessor system with 60 CPUs [4].
The classification of chromosomes by an optical ncural network as outlined below would allow
to increase the analysis speed by at least two further orders of magnitude which would make
much lower dose ranges accessible for measurement.

The proposed classification method uses two profiles recorded for each chromosome.
One corresponds to the total DNA content, the other one is specific to DNA sequences of a cer-
tain chromosome type. The classification is then done in two steps. The first profile allows to
determine the chromosome type by means of ihe centromeric index. The second profile allows
to identify translocations from the chosen chromosome into others, i.e. to find aberrant chro-
mosomes. Both analysis steps can be done by an optical neural network operating as an as-
sociative memory in the following way.
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Fig. 1 shows a typical example of the two chromoscme profiles. Each one consists of
256 channels with a resolution of 6 bit. The total DNA signal (black) will be normalized in its
intensity by the recording electronics. For each one of the 24 human chromosome types, the
recorded length of a specific type may vary by a factor of up to 2. Because the hydrodynamic
f. ~ussing does not align all chromosomes perfectly, the relative amplitudes of both peaks can
also vary within the same range. To cover all possible variations of a single chromosome type,
roughly 100*30 different patterns have to te stored. If the total amount of 24*3000 pattetns
with 256*6 bits each is stored in an associative memory, any recorded profile can be asserted
and the most similar pattern will be retrieved. The storage medium is a hologram, providing the
required storage capacity of 10 bits.

There are three basic shapes for the second profile that is specific for DNA sequences of
a certain chromosome (gray in Fig. 1). Chromosomes that do not contain DNA sequences of
the selected chromosome type simply create a profile with ampiitude near zero. Chromosomes
of the selected type generate a signal of the same shape as that of the first profile. Avberrant
chromosomes, i.e. chromosomes which are not of the selected type, but contain some DNA se-
quence of it due to translocations, have an intensity peak at the corresponding position. Super-
imposed to all three profile types may be peaks of saturation intensity which are artefacts from
the preparation of the chromosomes. There are roughly 3000 possible artefact patterns and 100
translocation patterns that have to be stored like for the first analysis step.

All patterns are highly correlated, so that the standard Hopfielc learning algorithm can
not be applied. Instead, pseudo invariant learning [5, 6] will be used. Training sets are gener-
ated from offline analyzed samples. The learning procedure itself will be done with a neural
network simulated on a special purpose multiprocessor system [7]. This allows a high flexibil-
ity in selecting the optimal learning algorithm. The simulaticn result is a synthetic hologram,
representing the synaptic weights of the neural network. Since learning is required only once,
the time to compute this hologram is not a limiting factor. Important, however, is that the chro-
mosome classification, which can be done by using the fixed set of synaptic weights stored in
the hologram, is done fast.

A full optical neuronal network will be realized in two steps. The first step is a hybrid
electro-optical setup similar to previously proposed systems [8, 9] (Fig. 2). The chromosome
profile recorded by the cytometer is displayed on a transmission LCD as the input pattern under
exploration. An expanded and mode cleaned beam of an argon-ion laser illuminates via the LCD
and a cylindric lens the the hologram. The output is focused onto a photo transistor array which
is read out by a local computer. The computer controls the amplification, the threshold or non-
linearity of the feedback function. The signal fed back represents now the new input patteia
which is displayed on the LCD transmitter.

15
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In a second step, it is planned to realize the feedback loop by an optical system as men-

tioned earlier [10] (Fig 3). In distinction to the first setup an argon-ion pumped dye laser is used

for the realization of a laser beam amplification inside the loop. A Glan - Thompson prism in

addition to a Kerr cell allows to direct the laser beam in a closed loop or to the output pattern

detector. To compensate the loss of light a transversely pumped amplifier is placed in the loop.

In this setup, one circulation in the optical loop requires <10 ns. With 512 neurons, the typical

convergence time is 1000*10 ns, i.e. 10 ps, a factor of 100 faster than even an expensive

multiprocessor solution.

References

(1]

(2]

(3]

[4]

[5]

(6]
[7]

(8]

(9]

Lucas J., Gray J.W.: Centromeric Index Versus DNA Content Flow Karyotypes of Hu-
man Chromosomes Measured by means of Slit Scan Flow Cytometry; Cytometry, Vol. 8
(1987) 273-27%

Hausmann M., Dudin G., Aten J.A,, Biihring H.J., Diaz E., Délle J., Bier F., Cremer
C.: Flow Cytometric Detection of Isolated Chromosomes Following Fluorescence Hy-
bridization; Biomed. Optics (1988) (in press)

Gray J.W., Langlois R.G.: Chromosome Classification and Purification Using Flow Cy-
tometry and Sorting; Ann. Rev. Biophys., Biophys. Chem., Vol. 15 (1986) 195-235
Cremer C., Hausmann M., Zuse F., Aten J.A,, Barths J., Biihring H.J.: Flow Cytometry
of Chromosomes: Principles and Applications in Medicine and Molecular Biology; subm.
to Optik (1988)

Personaz L., Guyon 1., Dreyfus G.: Information Storage and Retrieval in Spin-glass like
Neural Networks; J. Physique Lett., Vol. 46, L359 (1985)

Kohonen T.: Selforganization and Associative Memory; Springer-Verlag, Berlin (1988)
Genthner A., Hauser R., Horner H., Lange R., Ménner R.: NERV - A Simulation Sys-
tem for Neural Networks; will be publ. in: Proc. Int’l Symp. Connectionism in Per-
spective, Ziirich (1988)

Farhat N.H,, Psaltis D., Prata A., Pack E.: Optical Implementation of the Hopfield Model;
Appl. Optics, Vol. 24, No. 10 (1985) 1469-1475

Farhat N.H., Shae Z.Y.: Architectures and Methodologies for Self-Organization and
Stochastic Learning in Opto-Electronic Analogs of Neural Nets; Proc. IEEE 1st Int’1 Conf.
on Neral Networks, San Diego, CA (1987) II1565-11I575

[10] Wagner K., Psaltis D.: Nonlinear Etalons in Competitive Optical Learning Networks;

Proc. IEEE 1st Int’l Conf. on Neural Networks, San Diego, CA (1987) III585-111594




MB2-4

#4 Fluorescencesignal Pl
B Fluorescancesignal FITC

W
o

3]
o

Fluorescencesignal

—
(=4

o 100 200

Row Numbers

Fig. 1: Profile of an aberrant chromosome; gray - total DNA signal (PI colored chromosome),
black - translocation labelled by fluorescence FITC after hybridization in suspension

Beam Expander &

Hologr
Mode Cleaner LCD ologram
ASER © e ffeeeenfeens | B {-- 0\\
= - -, 1
Cylinder Lenses .
\Fourierplans
N VT
L
0 T
Cytometer Data == /
L—__—l RETICON Photoarray
Fig. 2: Opto-electronical setup of the neural network
Beam Expander & Output Pattern
Mode Cleaner LCD B Hologram
CLASER ;-..,-o..o-E--o.. A P e-- --_0_--
3 e - '

Thomson Prism

Fourierplane
cptional \‘Q Kerrceli = awaas yie - o

Dye Laser

Ootical Amplifier
Nonlinear Element '

t]

\ ............................ . Translator

Fig. 3: Optical setup of the neural network

Data from Cytomster

17




Sl da=aera <

T

TSETTY Y

18




MONDAY, FEBRUARY 27, 1989
SALON F
10:30 AM-11:30 AM
MCI-MC3

OPTICAL ARTIFICIAL INTELLIGENCE AND
ADAPTIVE SYSTEMS

W. Thomas Cathey, University of Colorado, Presider

19




MCl-1

Optical Artificial Intelligence
Based on Semantic Network Architecture
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1. 1Introduction

In symbolic processing, associative network approaches show

promise for solving difficult artificial intelligence
problems. (1,2] Optical associative networks, including
holographic(3,4) and matrix~-vector multiplication {5]

architectures, are one of the most attractive approaches toward
large-scale associative processing. Optics provides both 2-D
parallel interconnection ability between modules and
parallel-computing mechanisms for parallel association
algorithm. A hybrid ootical inference architecture has been
proposed. (6] Recently ¢ tical arcnitectures for learning and
self~organizing neural ne:work are discussed.(7,8]

In this paper we are concerned with an architecture for
optoelectronic implementation of a semantic network based on
context-sensitive associations. The architecture proposed here
is capable of computing the interconnectivity matrix for
associations and of changing the weight matrix. Flexible data
structures([2] wused in artificial intelligence architectures are
implemented in our system. This means that the concepts are
represented by large patterns of activity and data-structures
are stored by modifying the interconnections between these
patterns.

2. Semantic Network Architecture
2.1 Relation formalism

There are many different ways of implementing semantic
networks. As shown in Fig. 1, semantic nets are represented
with nodes and directed arrows. %This relational information is
rewritten as

(NORU FATHER TOYO)
(EMI FATHER TOYQ)
(NOBU SISTER EMI)

One approach to implementation is to make each node in the
semantic net correspond to a particular pattern of activity on a
large assembly of units. Different semantic nodes may then be
represented by cdifferent patterns of activity on the same set of

20
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units. This semantic net formalism is seen as a crude
description of the interactions between complex patterns of
activity.

2.2 Semantic Net and State Vector

The information 1in any network consisting of nodes
connected by labeled, directed arcs is equivalent to a set of
triples, each ¢f which consists of two nodes and an arc label.
Cases 1in which the third component of a triple is not uniquely
determined by the other two are particularly interesting.

The method that was used for implementing a semantic net in
the associative architecture involved dividing the units inteo
four groups or assemblies. The first three assemblies were
called ROLEL, REL (short for relation), and ROLE2, The
associative system could be queried about a particular triple by
puttirg it into an initial state in which two of the first three
asseumblies had patterns of activity representing two components
of the triple, and the remaining assemblies started off with all
their units inactive. The associative system would complete the
tviple by setting down into a state in which the missing
component of the triple was represented by the state of activity
of the relevant assembly.

The fourth asserhly was called PROP (short for proposition).
For each particularx triple stored by the asscciative memory
system there was a <corresponding particular state of the
proposition assembly. Recall of triples from two of their
components was achieved by making these states of the PROP
assembly have the t =nsition properties shown in Fig. 2.

Figure 3 shows the output of a computer program consisting
of a simulator, which can simulate a parallel computer and a
handler. The haondler translates the first instruction into a
set or operztions that modify the weights of the associative
memory system so as to store the three triples
(NOBU FATFK <R TOYO), (EMI FATHER TOYO) and (NOBU SISTER EMI).
The second. ‘nstruction, (RECALL '(NOBU FATHER 0)), tells the
handler to set up a particular initial binary state vector in
the associative memory system and to print out a description of
each subsequent binary state vector.

2.3 Context-Sensicvive Association

The structure of the weight matrix for storing triples is
shown in kig. 4. The unit., in the first three assemblies have
high thresholds but are alsc self-excitatory. Many matrices are
null. For the three assemblies that code the constituents of a
triple, the submatrices determining the effect of an assembly
state on itself have all 0 weights except for the leading
diagonal. This makes these assemblies retain whatever patterns
they are given.
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3. Optical Realization

Figure 5 shows an optical realization of the
contextsensitive association system. The weight matrix is
recorded in a micro-channel plate spatial 1light modulator
(MSLM), and the recorded weight matrix and an input state vector
displayed on a LED array ere mwultiplied with an anamorphic
optical system. The output vector detected with a photodetector
array is transfered to a computer as shown in Fig. 6. The
control computer reads the output vector and calculates the
optimum weight matrix and decides a adeguate level of
thresholding to obtain a correct output of association. This
procedure of modifying the weight matrix and determining the
threshold level 1s realized by using a well known perceptron
learning algorithm. 1]

4, Concluding Remarks

We present a contextsensitive associative memory system for
artificial intelligence. A flexible data structure based on a
semantic network is adopted, In the proposed optical
implementation of the associative system a micro-channel plate
spatial light modulator is used@ to store the weight matrix.
Such a semantic model of contextsensitive association has the
apbility of storing and searching complex, flexible
data-structures in highly parallel electro-optical hardware.
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Optical Matrix Encading for Constraint Satisfaction

Gary C. Marsden, F. Kiamilev, S. Esener and Sing H. Lee

University of California, San Diego
Dept. of Electrical and Computer Engineering
La Jolla, California 92093

I. Introduction

Many Artificial Intelligence problems, such as theorem proving, computer vision,
and expert systems, can be seen as constraint satisfaction problems?:2:3. In such
problems, constraints are given on any pessible solution. Most often, the problem is
either explicitly stated in terms of allowed partial solutions or can be converted to such
a representation. The objective is to find one or more soiutions satisfying all constraints
simultaneously, or the determination that no such solution exists. A simplistic approach
to solving constraint satisfaction problems is to generate all possible solutions, then test
each against the constraints to see if indeed they are satisfied. The process of
backtracking provides a marginal improvement by testing increasingly larger partial
solutions. Consistent Labelling is a more efficient procedure which eliminates allowed
partial solutions that conflict with one another 2. A problem is represented in a
constraint network. Arc and path Consistent Labelling eliminate allowed partial solutions
that are inconsistent over the smallest closed loops. The remaining allowed partial
solutions can then be used in an efficient backtracking search. Using Consistent Labelling
on larger loops, it is possible to obtain solutions to constraint satisfaction problems
without backtracking?.

Recently, a set of optically implemented algorithms were suggested for Arc and Path
Consistent Labelling3. These algorithms operated on a matrix encoding traditionatly
associated with Consistent Labelling 1. Arc consistency was obtained optically by
focussing each matrix column to a point, while path consistency required matrix-matrix
multiplication. Both of these require a large dynamic range for large problems. In this
paper we describe a different method of matrix encoding constraint satisfaction
problems that allows any degree of consistent labelling and therefore provides a
complete solution. The algorithms do not differ greatly for the various degrees of
consistency. Matrix encoding allows parallel optical execution. The dynamic range
requirements on the optical system are minimal, since all matrix operations are
executed locally at each element.

{I. Matrix Encoding For QConsistency Algorithms
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Map coloring is an illustrative constraint satisfaction problem. Consider the network
in Figure 1, which represents the problem of coloring the nodes with three colors ( A,
B, or C ) so that no two connected nodes are the same coior. As an additional constraint,
node 2 may only be colored A or B. Also, suppose that relations between nodes 1 and 2
may not involve color C. At each node there are brackets showing the allowed labels for
that node. Allowed relationships between nodes are represented within parentheses.
Note that some relationships involving the labelling of node 2 with C are allowed even
though it must be A or B. That is, the original problem did not directly forbid
relationships between nodes 2 and 3 involving C as a label for node 2. Consistent
Labelling identifies and removes these and other subtle inconsistencies among stated
constraints.

Constraints on a network can be represented using vector and matrix encoding. The
node vector in Figure 2A encodes the nodal constraints of Figure 1, while the matrix in
Figure 2B encodes the relationship constraints. All node labels are explicitly allowed for
each node except node 2, which may only be labelled A or B. There are more
relationships represented in the matrix than in the network graph. Some of these
represent the fact that a node cannot be muiti-valued ; for example, (1A,1B) = 0.
Other allowed relations, such as (1A,4A), are set initially to one, since they are not
listed explicitly in the constraints. Relationship constraints are assumed undirected, so
that the encoding matrix is symmetric.

lll. Consistent Labelling Algorithms

Before the relations matrix can be used, it must first be made compatible with the
node vector. If a node label is disallowed, as is 2C in the present example, relations
involving that labelling must be eliminated. A mask matrix is obtained from the outer
product of the node vector with itself. This is multiplied ( logical AND ) element by
element with the relations matrix. The resuiting matrix is the revised relations matrix
consistent with the node vector. This process is shown in Figure 3 for the encoding in
Figure 2.

Arc consistency is obtained from the revised relations matrix by splitting the matrix
into sections corresponding to each label value, as shown in Figure 4. These sections are
added ( logical OR ) to produce a temporary matrix, which in turn is separated into
rows. These rows are multiplied together to form the revised node vector. If the ncde
veclor changes by this process, the relations matrix is revised and the process repeated.
Otherwiise, the resulting relations matrix and node vector are arc consistent.

The path and higher order consistency algorithms require a core outer product
routine, shown in Figure 5. In this routine, a matrix is formed from the outer product of
a particular input vector with itself. Repeating this procedure for a set of input vectors,
the resulting matrices are summed together. This sum is then multiplied with the
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relations matrix to obtain a revised relations matrix. The particular vectors used in the
core outer product routine dapend on the algorithm. These vectors are obtained using
columns from the relations matrix. In the path consistency algorithm, vectors presented
to the routine are the columns corresponding to the labeis for a singls, fixed node. For
higher order algorithms, several nodes are fixed. Columns corrssponding to labellings
of these nodes are multiplied together. The result is presented to the core outer product
routine. lterations are made on all labels for these nodes.

IV Optical Considerations

if the relation matrix is represented aptically, operations on e:ach element can be
executed in parallel. The outer product required can also 52 execuied in parallel. Since
the logic operations are local to the elements, a dynamical range of two is required. The
logical operations needed are OR, AND and XOR. The XOR aparation is needed in comparing
input to output matrices when terminating an algorithm. In addition, a memory buffer is
needed for the summation matrices in the path/ higher order consistency algorithm.

V Conclusion

We have shown Consistent Labelling algorithins that use matrix encoding of
constrainis.,The nature of the matrix encoding allows optical implementation with
efficiencies in parallelism and dynamic range. The algorithms are easily extended to
arbitrary degrees of of consistency and thersfore allow solutions to constraint
satisfacticn problems.
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Abstract:

This paper discusses aspects of adaptive filtering applied to narrowband interference rejection for wideband
receiver systems. A time/space integrating optical architecture using a spatial light moduiator is described,

i

1.0 Introduction

Wideband signal acquisition or synchronization subsystems, even with processing gain, may be vulnerable to
high-level jamming, Removal of strong CW interference can greatly improve the operation of these subsystems. -
The iechnique discussed here is adaptive cancellation, which consists of estimating magnitude and phase of the 4
undesired signal, and using this information to cancel that signal.

An overall block diagram of an adaptive cancellation filter is shown in Figure 1. The estimator constructs an
cstimate X(t) of the evolving signal x(t). The filter output is the error or residual e(t) = x(t) - X(t). The filter takes ]
advantage of the deterministic nature of narrowband signals; past values can be uscd to estimate present and )
future values. Noise and rapidly varying signals pass through the filter relatively unchanged.

Figure 2 shows the internal structure of the adaptive filter, This structure implements the algorithm defined by
t N
a(iT) = (J) [x(® - W) x@iDdt (1) &() = (1/N) '21 a(iT) x(t-iT)  (2)
1=

where a(iT) is the tap weight calculated at the ith tap, for N taps. This algorithm is known by many names, :
including LMS (for Least Mean Square) prediction; it is also called a Correlation Cancellation Loop (CCL). :

Several variants of these equations exist. In particular, for delay time variable 1 = iT and for large t, Equation
(1) is seen as a cosrelation function a(t) as tap spacing becomes small, Equation (2) becomes an integral
convolution. This filter has been expressed as a time domain realization. An alternate form can be obtained by
transforming the defining equations into the frequency domain [1].

2.0 Ontical Architecture

Vazious optical methods have been proposed to implement this type of filter [1,2,3,4]. Optical approaches offer
substantial bandwidth and time bandwidth product compared to digital approaches. Also, since this processor

depends on feedback, some possible disadvantages of an optical approach, including low dynamic range and
nonlinearities, may be reduced,
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An alternate representation of the filter is shown in Figure 3. When the delay line is split into two parallel paths,
the signal processing functions can be grouped into two distinct modules: a (time integrating) correlator and a
transversal filter. The two moduies communicate via the vector of tap weights a(t) and the error e(t).

An opticai implementation corresponding to this representation is shown (in simplified form) in Figure 4. The
tap weight calculation is performed with a time integrating correlator. That is, the tap weight information is
obtained as a spatial optical distribution on a linear sensor. The convolver segment is implemented using an
electrically addressed spatial light modulator (SLM) in a space integrating configuration. The output of the
convolver is a time signal which represents the LMS estimate of the deterministic portion of the input.

This structure offers the potential for good CW suppression, since the time integrating module is expected to
produce high quality estimates of the tap weights. In the convolver segment, the feedback loop is expected to

- e X(l-T)
X0 = cos & ‘{ " DelayLire f
7\ 45 . /]
+
e(t)
Signal x(t) + @ e(® Conditioned 62) (x L—»Q() x(t-nT)
Input -4 Output -
£(l) I ) f )
R0 Gl a
Adaptive -~
"| Estimator

-————-L Summer 3

Figure 1. Adaptive Cancellation

Overall Block Diagram Figure 2. Adaptive Cancellation: Detail
Time- |  Laser
Integrating (ppSource
Correlatin =
x(0) g R(1)
x(1) Transversal ) * X
| Filter @)
i e(t) .
a(t) -~
x()—] SLM~
Correlator i 'Il:'irlaél:versal Photo-%t)
Detector @ e(t)
&/
Figure 3. Adaptive Cancellation:
Alternative Model Figure 4. Adaptive Cancellation Architecture
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reduce the SLM nonlinearitics. In addition, initial simulation results suggest that the processor can be operated
with unipolar (positive only) tap weights.

This processor is presently in integration and test at NRL. Figure S shows the optical layout. For both the
correlator and convolver modules, the optical design is teiecentric, unity magnification, with about 1 cm
aperture. The 1 cm aperture corresponds to about 15 usec uelay in slow shear TeO2 Bragg cells operating near
center frequencies of 50 MHz. The laser sources are both HeNe.

The correlator module generates the adapted tap weights which are collected from the CCD array by a Dafa
Translation 2861 frame grabber board installed in a Compag 386/20 controller. The tap weights are then scaled,
time averaged, and supplied to the convolver as a video signal. The convolver section uses a 128x128 pixel
Texas Instruments deformable mirror device (DMD) as the SLM. The output of the convolver is the desired

estimate.
DMD SI.M
7 &
BCC
Convolver ——
BS 5\6-—6—4- T
D BC ==
N 0
ccp Corelator ge ==
N N 0 E
Y Vv U M

Figure 5. Optical Layout

3.0 Summary

An optical time integrating correlator and an optical space integrating convolver perform CW cancellation in an
adaptive feedback architecture. Tests in process will provids an evaluation of system parameters and critical
hardware components such as the SLM,

Acknowledgements:
The authors gratefully acknowledge the support of Ms, Paulette Rosner and the SAIC graphics publication staff
in the preparation of this paper, and the many helpful technical discussions with Mr, John Colwell.

References:
(1) Rhodes, I. F, Brown, D. E., "Adaptive Filtering with Correlation Cancellation Loops," SPIE, Vol. 341,

an
Real Time Signal Processing V (1982), p. 140, :
(2) VanderLugt, A., "Adaptive Optical Processor," Appl. Optics, 21, 1982, p. 4005.

(3) VanderLugt, A., "Optical Transversal Processor for Notch Filtering,"” Opt. Engr., 23, 1984, p. 312,

{4) Cohen, J. D., "Optical Adaptive Linear Predictors,” Appl. Optics, 24, 1985, p. 4247.




MONDAY, FEBRUARY 27, 1989
SALON F
11:30 AM-12:30 PM
MD1-MD4
NEURAL SYSTEMS: 3

Demetri Psaltis, California Institute of Technology,
Presider

31




MD1-1

“QOptical Associative Memory Utilizing Electrically and
Optically Addressed Liquid Crystal
Spatial Light
Modulators”

I. Introduction

The goal of this research is to build optical connectionist machines (OCM’s) capable of interconnect-
ing many input units to output units viz. two-dimensional liquid crystal spatial light modulators (SLM’s).
Liquid crystals SLM's are chosen because of their low optical absorption and power dissipation, moderate
switching speeds, potential for high extinction ratios and resclution. In addition, these materials are
birefringent and can casily implement a polarization-based optical associative memory. Previously, we
presented results on connecting five input units to five output units [1], and eight input urits to eight output
units {2] with the OCM. The number of interconnections was limited by the low extinction ratio of the
two-dimensional SLM used as the OCM connection matrix (The Radio Shack Pocketvision Model 5 ex-
tinction is 5:1). In this paper we present results of using higher contrast computer controlled SEIKO liquid
crystal pocket television model LVD.012 and optically addressable ferroelectric liquid crystal SLM’s to
hetero-associate pairs of 32 bit long input and output vectors. This association is performed using the least
mean square algorithm (LMS), implemented with polarization encoding to represent both positive and
negative weights.

II. Polarization-based OCM

Many popular connectionist architectures are based on a layered feedforward design, which can be
easily implemented using the well known optical matrix-vector multiplier [3]. The simplest such system
consists of two interconnected layers. One layer is used to represent the input activation units, and the oth-
er layer forms the output of the system. These networks are often used as associative memories [4). The
association between input and output can be leamned by suitable modification of the connection strengths
between the two layers. The Widrow-Hoff least mean square (LMS) algorithm is a rule for modifying the
connection strengths, or weights to perform associative recall of a pattern from a partial or distorted input
[5]. The OCM implements the LMS learning algorithm, as shown in Figure 1. Input patterns are encoded
as intensities of vertically polarized light by the SEIKO LCTV1. Connection weights to the output layer
are enceded by rotation of this light by a second SEIKO LCTV2. Vertically polarized light represents a
+1, or an excitatory weight, horizontally polarized light represents a -1, or an inhibitory weight. Since the
SEIKO LCTV'’s are twisted nematic displays, there are a range of analog weights betveen -1 and +1 that
can be encoded , as shown in Figure 2. The input unit is imaged onto a column of the connection maisix.
performing a rotation of polarization as the light is transmitted by the elemert. A polarizing beamsplitier
separates the positive and negative components, as shown in Figure 3. These signed outputs are imaged
onto linear detector arrays by cylindrical lenses, and subtracted in parallel electronics. The resulting output
vector is compared to the desired vector which geaerates an error. This error prescribes a modification of
the appropriate connection weight according to the LMS algorithm:

Awy; = pex;, ¢y

where [ is a rate of convergence parameter, € is the generated error, and x, 15 the value ot the sth iput unit.
After several passes through the system, a pattern association is learned. If part of the pattern, or a distort-
ed version of the paitern is input to the system, the original pattern is retrieved, as shown in Figure 4. A
photograph of the OCM is given in Figure 5.
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I. Optical Quter Product Processing

The OCM described in section II requires electrically modifying the state of a weight in the connection ma-
trix (LCTV2). This is performed by a serial computer, and therefore in the training of this matrix, the ad-
vantage of optics is lost. We can perform an outer product optical associative memory of one-dimensional
input pattens by ANDing orthogonal projections of the input vector with optically addressed SLM’s, as
showa in Figure 6. We performed a proof-of-principle experiment with the input vector of Figure 7. Col-
limated light from an Argon Jon laser ( A = 514.5 nm) was transmitted by crossed one-dimensional SLM's
and the resulting pattern illuminated a photoaddressed ferroclectric liquid crystal SLM,[6] forming the re-
quired outer product (Figure 8). Incorporating this component into the OCM will speed up both network
training and convergence times. Further refinements of the OCM uging the optical outer product processor
will be discussed including multiple pattern storage and multilayer neural network architectures.
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Competitively Inhibited Optical Neural Networks
Using Two-step Holographic Materials
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abstract

Competitively inhibited networks automatically form nonparametric repre-
sentations of density functions and therefore can be used as MAP predictors on
a variety of problems. The dynamics of this class of networks is briefly reviewed
and an optical implementation is proposed based on two-step holographic ma-
terials.

1. Competitively Inhibited Neural Networks

A competitively inhibited neural network is a specialized laterally inhibited
network where the inhibition field has shrunk to a single neuron and the ex-
citation field extends over all other neurons[Lemmon]. With n neurons in the
network, let z; be the short term memory (STM) state for the jth neuron and
let z;; be the ith long term memory state (LTM) for that neuron. The output
of the jth neuron is denoted as f(z;) where the function is zero for z; < 0 and
monotonically increasing from zero to one for z; > 0. The following network
equations result.

t; = —Az; +Bzzijyi +CY . Dij f(zi) (1)

i=1 i=1

iy = f(=z5)(vi ~ ;) (2
where A,B,and C are positive network constants. Constants D;; are chosen to
induce competitive inhibition and 7 is the m-dimensional input stimulus vector.

We stimulate this network with a source which is generating stimuli once ev-
ery T seconds. The stimulus vector, #, lies in a set ,Q2, which we call the attribute
space. Denote T as the presentation interval. Just prior to the presentation of
a new stimulus we reinitialize the STM states to small equal negative values.
The input stimuli in each presentation interval are drawn randomly according to
the density function, p(§). We are concerned with the convergence of STM and
LTM states over a single presentation interval and the convergence over many
presentation intervals. These two types of convergence are denoted as short run
and long run convergence, respectively.

1We gratefully acknowledge the support of this research by the Internal Research and

Development Funds of General Dynamics-Valley Systems
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Short run convergent behaviour can be rigorously proven[Lemmon]. This
behaviour consists of a given input ,#, firing neurons whose LTM state vector,Z;,
are most closely correlated to the input. After firing, the LTM state vectors of
these neurons begin converging to the applied stimulus vector.

Let n(y) denote the fractional density of neural LTM states in the attribute
space at vector §. We can preve that long run convergent behaviour consists of
the long run fractional neural density ,n,(§), satisfying the following relation,
p(7) = 9(n,(§)), where g() is a monotonically increasing function bounded be-
tween zero and one. This relationship means that neural LTM states will cluster
about modes of the underlying source density, p(§). This clustering behaviour
is the hallmark of most self-organizing systems[Kohonen] [Amari].

The clustering capability of competitively inhibited networks is precisely the
type of behaviour required by a MAP predictor. This means that such networks
can be successfully applied to MAP pattern classification and MAP estimation.
As the competitively inhibited network tends to form a nonparametric estimate
of the source density function, we find that ”neural MAP predictors” are ap-
plicable to a larger class of problems than can be currently handled by general
purpose prediction methodologies. Such applications include ill-posed problems
such as muititarget tracking and inverse scattering. Therefore, competitively
inhibited neural networks represent an important neural network paradigm.

2. Optical Neural Predictor

The utility of a neural network paradigm rests on the ability to efficiently
realize such networks. This section proposes an optical neural predictor based
on two-step holographic materials. Figure 1 shows the basic architecture un .r
consideration. The heart of this system is a holographic crystal which can only
be rewritten in a Lwo-step process. By selectively imaging a writing beam on
specific portions of this crystal, we select neurons to rewrite their LTM states.

The input to the network is a vector imaged onto the face of a holographic
crystal. A positien on the crystal face will be denoted by the ordered pair (z,y).
Therefore the equation of the object (input stimulus) on the crystal face is,

m,n
O(z,y)= Y wn(iAz,jAy) (3)
i=1,j=1
where y; is the ith element of the input vector and Ay and Az are a small
spatial increment along the z and y coordinates, respectively. #(iAz, jAy) is 1
for (i — 1)Az < ¢ < iAz and (j - 1)Ay < y < jAy. It is zero elsewhere.

The holographic crystal has the LTM states for the neurons encoded on
specific parts of its face. Therefore the transmittance of the crystal as a function
of the  and y coordinates can be written as

n,m
=y = Y. xn(idz, jAy) 4

i=l,j=1
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Figure 1: optical neural predictor

The output of the crystal is the element by element product of the LTM state
vector and the input vectors. These outputs are summed along the = direction
with a summing lens. The summed outputs image onto detectors. The output of
these detectors is the inner product of the LTM state vector and input stimulus.
There are n such outputs, one for each neuron.

Detector outputs 1eed an analog VLSI circuit which emulates the STM dy-
namical equation 1. This block is easily realizable because of the reduced in-
terconnection complexity associated with the competitively inhibited network.
The outputs of the VLSI analog circuit then represent the outputs , f(z;) , of
the network.

The LTM equation 2 implies that rewriting LTM states (i.e., the holographic
crystal) will be gated by the firing of that neuron. We therefore use a two-step
holographic material so that rewriting only occurs when the object beam and
an auxilliary writing beam are incident on that portion of the crystal’s face
encoding the LTM states for the fired neuron. To do this, we use the output
of the VLSI neurons to drive an AO cell. The AO cell deflects the auxilliary
writing beam so that its image on the crystal face is given by

f(z,9) = f(zj)n(jAz, idy) (5)
i=1

where f(z;) is the jth neuron’s output given an STM state z;.
The key component of the above proposed optical system is the two-step
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optical material. There appear to be two materials that might be used for this
crystal. One material is Lithium Niobate. However, because any illumination
in the iron doped crystals will tend to redistribute charge, continual rezadout of
the hologram will eventually erase the gratings. We can realize nondestructive
readout if we can in..roduce long lived intermediate states between the conduc-
tion band and ground state through doping. In this case, absorption of photons
of energy kv excites electrons to the intermediate state. This illumination (i.e.,
the writing beam f(z,y)) "enables” rewriting on the medium. Then when the
medium is illuminated with photons of enery hvs, the electrons in the inter-
mediate level are raised to the conduction band and the grating is recorded.
This is precisely the two-step activation required by equation 2. Researchers
using Chromium doped Lithium Niobate crystals were able to demonstrate this
process[VonderZLinde].

Another material capable of exhibiting nondestructive readout is ionic crys-
tals with anisotropic color centers. In this case, the writing mechanism is
through photobleaching or darkening of color centers in an ionic crystal. This
results in an amplitude hologram with its associated poor diffraction efficiency.
Researchers using NaF with M centers have been able to demonstrate two step
nondestructive readout holograms [Casasent].

This paper has presented an important class of neural network architectures
and has indicated how they might be realized using a hybrid optical architecture.
The ultimate success of this optical implementation rests on the quality of two-
step holographic recording materials.
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Adaptive two-dimensional quadratic associative
memory using holographic lenslet arrays

Ju-Seog Jang, Sang-Yung Shin, and Soo-Young Lee

Department of Electrical Engineering
Korea Advanced Institute of Science and Technology
P.O. Box 150, Cheongryang, Seoul, Korea

1. Introduction

Optical implementation of two-dimensional (2-D) quadratic associative memory
(QAM) that needs parallel N® weighted interconnections is described. We show that
fully adaptive interconnections for the 2-D QAM are realizable by using two 2-D holo-
graphic lenslet arrays and two spatial light modulators (SLM’s). Thus two extensions of
our previous work! are proposed; they are learning capability and storage of 2-D images
in QAM. We also show basic experimental results for the 2-D QAM.

2. QAM model of neural nets??®

Extension of the 1-D QAM to the 2-D QAM is straightforward. Introducing an
operator T that transforms 1-D vectors to 2-D matrices may be a solution®. A set of M
binary matrices V}}; (s=1,2,...,M and 4, j=1, 2,..., N) are stored in a sixth rank tensor,

Mz

Wigtimn = )_(2Vi5 ~ 1)(2Vig - 1)(2V5, - 1) (1)

a=1

where the unipolar binary [1, 0] is assumed. The tensor Wi kims, is used for the retrieval of
stored information from erroneous or partial input matrices. The tensor-matrix product

N N
E ZZ zyklmndl mn (2)
k! mn

with thresholding operation on WJ yields an estimate of stored matrix that is most like
the input K§ The thresholded estimate matrix is fed back to the input, and it converges
to the correct stored image.

3. Optical implementation of the 2-D QAM using holographic lenslet arrays
In the opticai implementation it is convenient to use unipolar W), .. by adding

a constant to every Wijkimn. This is compensated by input- dependent thresholdmg
operation.!"* Eq.(2) may be cast into two equations as follows:

zJH Z Jklmn mn (30')
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N
Vi =) THVE (35)
kol

where the terms marked by * means they have unipolar values. Then, V.
a proper input-dependent thresholding operation.?

Consider the implementation of Egs.(3a) and (3b) with optics. We explain ow
each of the two tensor-matrix multiplication can be realized by using both a hologra hic
lenslet array and an SLM. Each holographic lens plays the role of a lens for the first order
diffracted beam when reference beam is illuminated. Thus it is possible to superpose the
images of patterns positioned in front of the holographic lenses with the help of a lens
as shown in Fig.1. Each holographic lens is made by exposing in a small area of the
hologram a parallel reference beam with an object beam that is expanding from a focus.
The array of such lenses are obtained by shifting the holographic plate and then exposing
the two beams, repeatedly.

Since Eq.(3a) is a weighted sum, 37 Wz, V% , the holog1aph1c lenslet array
is used to obtain T‘ Tki*. First, we encode the tensor weight Wy .., into 2-D matrix
pattern and posmon the pattern in front of the holographic lenslet array. Then, by
illuminating an input beam through input N x N SLM that represent an input vector
V,ﬁn, Eq.(3a) is realized in the superposed image plane as shown in Fig.1. A coding rule
of the sixth rank tensor into the 2-D SLM is shown in Fig.2 where each value of Wy ...
is normalized and encoded by the degree of light transmission through the pixel of the
SLM. Thus an N2 x N2 SLM is required for W3* fikimn- Similarly, Eq.(8b) can be realized,
after T, i is obtained. The total system is shown in Fig.3. Part A and B of Fig.3 is the
1mp1ementa.tlon of Eq5(3a) and (3b), respectively. Fart B is similar to Part A except that
the weight pattern T}, is the result of Part A.

Note that the weight pattern W7, ., is not recorded in the hologram array. It is
only positioned in front of the holographlc lenslet array. Thus an adaptive system can
be realized by changing W value of the N3 x N3 SLM.

tiklmn

" * is obtained by

i

7

4. Basic experiment
To show the feasibility of our system, Part A of Fig.3 is implemented since Part B
is similar to Part A. Two binary images “L” and “T”

(4)

lwl
it
I

0 0
0 0}, T=
11

O O
e e
O O =

are stored in 3x3 neurons. The 3% x 3% weight pattern Wy, are calculated and
the film mask for W, ., is fabricated as explained in Fig.2. The element size of 3x3
holographic lenslet array we made for the demonstration of our ieda is dmmx4mm, which
may be made far smaller. Experimental results of Part A, 1.1 Y1, are shown in Fig.4. The
lumped 3x3 blocks in the photograph will be positioned in front of the 3x3 holographic
lenslet array in Part B, respectively. Only the pixels of the input SLM that are switched
on contribute corresponding block images to forming the output superposed image V‘

Fig.4 shows that exact L and T can be obtained in the image plane of Part B if the T,
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is inserted in the N2 x N2 2-D SLM and the pixels of input SLM that stands for the
input matrix are switched on.

5. Discussion

The storage capacity of this system M, is proportional to N* (about 0.03N*)2. The
required maximum pixel number of 2-D SLM is N3 x N3, If we want N* rate memory
capacity with linear associative memory such as the Hopfield model memory, we require
N2 x N? neurons and N* x N* SLM for the weight pattern.

Pixel size of a few microns in the connection pattern can be imaged with our holo-
graphic lenses. Thus 10x10 neurons are easily implemented in our system with total
holgraphic lenslet array size of 5cmx5cm. In this case M, is about 300, which is remark-
able storage capacity applicable to practical memory usages.

The implementation of the whole system and its experimental results will be dis-
cussed in more detail at the conference.
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Self-Pumped Optical Neural Networks

Yuri Owechko
Hughes Research Laboratories
Malibu, California 90265

Neural network models for artificial intelligence offer an approach
fundamentally different from conventional symbolic approaches, but the merits of
the two paradigms cannot be fairly compared until neural network models with
large numbers of "neurons” are implemented. Despite the attractiveness of neural
networks for computing applications which involve adaptation and learning, most
of the published demonstrations of neural network technology have involved
relatively small numbers of "neurons”. One reason for this is the poor match
between conventional electronic serial or coarse-grained multiple-processor
computers and the massive parallelism and communication requirements of neural
network models. The self-pur _ed optical neural network (SPONN) described here
is a fine-grained optical architecture which features massive parallelism and a
much greater degree of interconnectivity than bus-oriented or hypercube electronic
architectures. SPO\’\I is potentially capable of implementing neural networks
consisting of 10°-10° neurons with 10°-10' interconnections. The mapping of
neural network models onto the architecture occurs naturally without the need for
multipiexing neurons or dealing with contention, routing, and communication
bottleneck problems. This simplifies the programming involved compared to
electronic implementations.

Previous optical holographic implementations of neural network models used
a single grating in a photorefractive crystal to store a connection weight between
two neurons (each pixel in the input/output planes corresponds to a single
neuron). This approach relies on the Bragg condition for angularly selective
diffraction from a grating to avoid cross-talk between neurons. However, because
of the angular degeneracy of the Bragg condition, the neurons must be arranged
in special patterns in the input/output planes to fully eliminate cross-talk. Tais
results in sub-sampling of the spatial light moculators (SLMs) and incomplete
utilization of the SLMs if the single grating per weight approach is used.
Specifically, assuming the SLMs are capable of displaying NxN_pixels, the single
grating per weight method can store only N*? neurons and N° interconnections.’
I describe here an approach in which the Bragg degeneracy is broken by
distributing each interconnection weight among a continuum of angularly and
spatially distributed gratings. This eliminates cross-talk between neurons, making
sub-sampling of the input/output planes unnecessary and allowmg full utilization
of the SLM space-bandwidth product. In other words, N° neurons can be fully
interconnected provided the interconnection medium has sufficient degrees of
freedom or space-bandwidth product to store the N* interconnection weights. By
forcing signal beams to match the Bragg condition at many spatially distributed
gratings, the signal-to-noise ratio should also be improved.

The continuum of gratings is generated by using a self-pumped phase
conjugate mirror (SP-PCM) in conjunction with a SLM, CCD detector, frame
grabber, and host computer. Several theories have been published for self-pumped
phase conjugation in BaTiO, crystals, including internal resonators based on four-
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wave mixing aided by Fresnel reflections and stimulated photorefractive
backscattering. A common feature of these theories is that each pixel in the
input plane writes gratings with and pumps all other pixels to form the phase
conjugate wavefront. This results in a physical system which is massively
interconnected and parallel, and which is a natural medium for implementation of
neural network models. The distributed gratings in the crystal serve as the
interconnection mechanism while the frame grabber in conjunction with the host
computer implements programmable neuron activation functions. By spatially
segregating the input/output plane, multiple layer neural network models can be
implemented. This hybrid system combines the parallelism and interconnectivity
of optics with the programmability of electronics.

A diagram of an experimental system used to demonstrate these concepts is
shown in Fig. 1. The “object plane” corresponds to the plane of neurons
represented by pixels on an LCLV (liquid crystal light valve). Activation patterns
displayed on the LCLV are impressed on a light beam which is focused into the
SP-PCM. Connections between the pixels are formed and the phase conjugate
return is detected by a video camera. The return is processed on a point by
point basis by the frame grabber/image processor before being displayed again on
the LCLV. In neural network models such as backpropagation an error signal
would be formed electronically and displayec ou the LCLV to adjust the weights
between neurons. The error signals are formed on a point-by-point basis (local
operations) and so are not computational intensive.

An experimental demonstration of optical connectivity using the apparatus of
Fig. 1 is shown in Fig. 2. Fig. 2a shows the phase conjugate return for an
input consisting of a complete resolution pattern. The input was then switched
to the region enclosed by the dashed ellipse in Fig. 2b. The return consisted of
the complete resolution pattern, as shown in Fig. 2b, verifying that connection
weights were formed globally among all the pixels. Cross-talk suppression is
illustrated in Fig. 3. The input to the SP-PCM consisted of an array of dots on
a rectangular grid (Fig. 3a). The conjugate return is shown in Fig. 3b. When
the input was shifted even a slight amount, the return disappeared (Fig. 3c)
which verified that pixels do not have to be arranged in special patterns on the
SLM to avoid cross-talk. Finally, in Fig. 4 selective erasure of weights is
den.onstrated. The central neuron was deactivated in Fig. 4b by shifting the
phase of that neuron on the LCLV. This shifts the phase of the gratings written
by that neuron and selectively erases connections between it and the other
neurons, demonstrating that learning using bipolar error signals is possible.

This work was supported in part by the Air Force Office of Scientific
Research.

1. D. Psaltis, J. Yu, X. G. Gu, and H. Lee, ”"Optical Neural Nets Implemented

with Volume Holograms,” OSA Topical Meeting on Optical Computing, Incline
Village, Nevada, 1987, Paper TuA3-1.
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64 ELEMENT HYBRID PLZT/SILICON SPATIAL LIGHT MODULATOR ARRAY

I Bennion, M J Goodwin, C J Groves-Kirkby and A D Parsons

Plessey Research Caswell Limited,
Allen Clark Research Centre,
Caswell, Towcester, Northants NN12 8EQ, England

Introduction

The high-throughput spatial 1ight modulator (SLM) is a key component in an
expanding range of optical signal processing applications and VLSI inter-
connect scenarios. With the continuing trend towards overall system integr-
ation, a number of approaches have been pursued in recent years, with the
common aim of developing a silicon-compatible modulator system, preferably
addressed via a fully integrated silicon back-plane with a 1:1 mapping
between drive circuits and modulation elements. Potentially viable technolo-
gies investigated hitherto include liquid crystals [1,2,3], magneto optic
materials [4] and micromechanical devices fabricated in silicon itself [5],
all of which exhibit relatively limited modulaticn rates.

Electro-optic crystalline materials, with their intrinsically fast electronic
response, offer considerable promise but, until recently, have lacked two
major requirements for silicon compatibility, namely low drive voltage and
mechanical interface capability. The advent of efficient quadratic electro-
optic ceramics of the PLZT family, together with recent developments in
hybridisati$2 and thin-film deposition techniques, offers new possibilities
in this field.

This paper describes a prototype high-speed two-dimensional SLM embodying
recent advances in electro-optic materials and device processing technology.
The device features electro-mechanical hybridisation of bulk PLZT electro-
optic material to a monocrystalline silicon backplane, exploiting fully the
inherent paralielism of the planar interface.

SLM Design

The hybrid PLZT/Silicon array is shown schematically in Figure 1. The
structure comprises a two-dimensional monolithic electro-optic modulator
array interfaced, via the flip-chip solder-bond technique [6], to a corresp-
onding array of drive circuits. The device is operated in reflection at
normal incidence, with optical input and output via a corresponding planar
microlens array integrated and similarly aligned with the active elements
using the solder-bond technique.

Despite its similarity to other recently reported structures based on poly-
silicon/PLZT [7,8,9], significant differences, both in physical construction
and projected performance, exist. The principal novel feature of the device
described here, and most significant in terms of fabrication and operation,
is the physical separation of the electronic and electro-optic functions,
enabling each to be developed and optimised separately and independently of
materials processing constraints imposed by the other. In addition to
utilising well established technologies, the hybrid approach offers the
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significant major advantage of technnlogical compatibility with a range of
electro-optic material systems, permitting immediate incorporation of
emerging materials as they become available without the need for redevelop-
ment of drive arrangements. The monolithic approach, despite its apparent
attractiveness, represents a technology compromise, with substantial effort
necessary to establish fabrication techniques for each new electro-optic
material.

Materials in the PLZT (lead lanthanum zirconate titanate) solid solution
system are attractive for application as the hybridised modulator medium on
account of their strong quadratic electro-optic coefficients, their availab-
ility in the form of large, high quality wafers and demonstrated fast
switching response [10,11].

The modulator array is mechanically and electrically interfaced to the
associated silicon circuit using the solder-bond flip-chip technique [6],
c.f. Figure 2. This offers true metallic contact, photolithographically
defined self-alignment with demcnstrated sub-micron positioning accuracy,
and clean, well-defined bonds. Tne present generation of devices uses a

16 x 8 solder-bond array (2 bonds per device) to provide electrical interface
to the 64 element array, with further solder-bonds external to the active
region for mechanical alignment and stability. This technique is compatible
with arrays of up to 100 x 100 elements.

Projected Hybrid SLM Performance

Certain performance aspects of a 100 x 100 modulator array may be estimated
on the assumption of an elemental switching response time of 50 ns [10];
significantly faster switching has been demonstrated in a waveguide format
[11]. calculations indicate a potential frame rate of 10 to 107 per second,
with a corresponding throughput of the order of 10!l pixels per second.
Thermal dissipation at these rates may be a critical, possibly limiting,
factor in determining ultimate device performance. Using a modelled device
capacitance of 0.6 pF, together with a 20 V drive requirement, 2.4 mW
switching power per element is indicated. For 10% elements at 0.4 mm pitch,
(625 cm=2), this yields a total power dissipation of 1.5 W.cm=2, within the
capability of current heat-sinking technology.

Modulator Operation

Figure 3 shows a photograpn of an assemtled 8 x 8 eiement prototvype PLZT/
Silicon modulator array, packaged for individual element characterisatinn
prior to incorporation of the input/output microlens array. Operation of
devices of this kind has been demonstrated, drive voltages of the order of
20 V providing goou contrast in 6 pm devices at 633 nm wavelength; full
characterisation is currently in prograss and detailed results will be
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Dual Beam Recrystallization of Silicon on PLZT

Ali Ersen, Samhita Dasgupta, T. H. Lin, Sadik Esener and Sing H. Lee
Department of Electrical and Computer Engineering
University of California, San Diego
La Jolla, CA 92093

INTRODUCTION

In the last few years extensive efforts have gone into the development of spatial
light modulators (SLMs) for the realization of massively parallel optical processors [1-3].
The silicon-PLZT SLM approach is a promising approach and has the potential of com-
bining the computational power of silicon with the communication power of optical
interconnects [4]. Optical interconnects utilize the third dimension normal to the process-
ing plane to provide the advantages of high speed parallel and global interconnections
among simple silicon electronic circuits performing local computational operations. Fig.
1 shows the schematic of Si/PLZT SLM.

To fabricate a Si/PLZT SLM an Ar* laser has been used till now for the recrystalli-
zation of polysilicon on SiO, on PLZT [5,6]. In this paper we would like to report on the
results of combining a CO, laser with an Ar* laser for the purpose of achieving better
crystallization [7] of polysilicon by reducing the stress at the Si/SiO; interface. We shall
also report on the improved performance of devices fabricated on the better quality
recrystallized silicon.

MOTIVATION FOR DUAL BEAM RECRYSTALLIZATION OF Si/PLZT

Films recrystallized using only an Ar* beam exhibit residual stress that is induced
during the laser crystallization process due to the coupled effect of the mismatch of ther-
mal expansion coefficients between the polysilicon and the underlying silicon dioxide,
and large thermal gradients that are present across the poly-Si/SiO; interface. The ther-
mal gradlent across the poly-Si/SiO, mterface is Present because the Art laser is strongly
absorbed in the polysilicon layer (2 x 10* cm™) whereas the SiO, layer is essentially
transparent to the Ar* laser irradiation. Dual beam recrystallization reduces this tempc:a-
ture gradient since at 10.6 um polysilicon absorbs weakly at room temperature ("1 cm™ 1y
whereas the SiO, layer beneath absorbs strongly(2 x 10% cm™)[8]. The use of the two
lasers in unison provides an independent source of local heating for both the layers and
thus reducing the induced stress in the recrystallized film.

EXPERIMENTAL TECHNIQUES

A cross-section of the sample is illustrated in Fig. 2. The Si/PLZT samples are
prepared by depositing a 3.5 um layer of SiO;, on the front surface of the PLZT substrate
by PECVD at 250 °C. This layer is used for both thermal and electrical isolation. A 0.6
pm thick layer of polysilicon layer is then deposited on both sides of the composite by
LPCVD at 640 °C. The front side polysilicon layer is later crystallized and used to host
the silicon transistors while the backside layer is used as a masking layer protecting the
PLZT substrate throughout the process. To define the location of grain growth and to
obtain larger grain sizes anti reflection (AR) stripes have been used. During laser scan-
ning the regions under the AR stripes get heated more than neighboring regions which
results in a temperature profile. This temperature profile yields single crystalline
regrowth in the region between the AR stripes and confines the grain boundaries to the

54




ME2-2

regions under the AR stripes. Doped regions for the fabrication of MOS transistors are
defined by ion-implantation. The sample are then led through the usual device fabrica-
tion steps developed for PLZT substrates. [4]

The experimental setup for laser recrystallization is illustrated in Fig. 3. An 22W
Ar"* laser and a 50W CO, laser are focussed concentrically on the sarple through an XY
galvanometric scanner. The sample was positioned using a motorized XY translation
stage. The stage movement, the scanner, the beam shutters were all computer controlled.

MATERIAL CHARACTERIZATION AND DEVICE TESTING

To evaluate the crystalline quality scanning electron microscopy (SEM) and Raman
microprobe spectroscopy have been performed on the samples. To further characterize
the new process a test chip has been designed. The chip is composed of several test struc-
tures such as CMOS inverters, NAND and NOR gates, MOS capacitors, ring oscillators
and p-n junction diodes. The purpose of these test structures is to evaluate the electrical
parameters as well as the uniformity of the fabricated devices across the wafer. We are in
the process of measuring the devices and the results will be presented at the conference.
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PARALLEL READOUT OF OPTICAL DISKS

Demetri Psaltis, Alan A. Yamamura, Mark A. Neifeld
Department of Electrical Engineering
California Institute of Technology
Pasadena, CA 91125

Seiji Kobayashi
SONY Corporation
Tokyo, 100-31, Japan

Optical memory disks have been developed in recent years as mass storage media for audio, video, and
computer memory applications. Write-once systems are already widely used, and reprogrammable systems
are now starting to become commercially available as well. In all the existing systems the information stored
in the optical disk is recorded and readout serially by focusing a laser beam on a single pixel. With an
optical memory however it is possible to illuminate the disk with an extended beam and readout (as well as
record in principle) large amounts of data in parallel [1]. This distinction between serial and Parallel Readout
Optical Disks (PROD) is schematically shown in Fig.1. If the potential of PRODs is realized in practice
it can eliminate the bottleneck that currently exists between mass memory and the information processing
portion of a computer and thus greatly impact the speed with which computers can execute memory intensive
problems. There are three main issues that we will address in this paper: The suitability of commercially
available disks for this applications including the experimental characterization of a prototype magnetooptic
system from SONY, the limitations imposed on parallel access due to the optical system, and the types of
problems and computer architectures that can make effective use of the PROD capability.

In order to readout in parallel information stored on separate tracks we need to be able to control the
relative position of the recorded data across different tracks. For example, in order torecord a 2-D image on a
disk we must be able to align the lines of the image that are recorded on separate tracks. Commercial optical
disk systems do not generally have this capability. Shown in Fig. 2a is a photograph of a standard disk,
and it is obvious that there is no alignment of the data across tracks. The commercially available computer
memory systems that we investigated do not have the capability to align the recorded bits along tracks.
Recently, a group at SONY developed a disk drive that has the capability to record a bit in any specified
location on the 2-D surface of the disk, and we are using a prototype of this system as part of a collaborative
effort with SONY to look into PRODs. A photograph of a recording made on a write-once disk is shown
in Fig.2b; excellent alignment across tracks is achieved. Each of the recorded spots has 1 um diameter and
the center-to-center spacing along track is .5 — 1 um whereas the tracks are separated by 1.5 ym. At this
recording density over 3.6 X 10° bits can be recorded on the 12cm diameter disk and the relative position
between any two such bits can be controlled to within a um. A photograph of the disk recorder apparatus
is shown in Fig. 3. Most commercial disks have a plastic covering with coarse phase variations which makes
their use in coherent processors very diffcult and cumbersome even with incoherent light. Therefore, in the
experiments we have used disks with optical quality glass covers specially made by SONY. Shown in Fig.
4 is a photograph of the diffraction pattern obtained by illuminating a Imm diameter circular area on a
write-once disk on which we had recorded a 2-D array of spots. The sharpness of the diffraction pattern is
indicative of the accuracy of the positioning of the spots as well as the optical quality of the glass. The large
spatial frequency (~500 cycles/mm) of the recorded information is convolved with the diffraction pattern
due to the sectors in which the disk is divided in order to control the alignment. This remarkable quality
of the diffraction pattern allows us for example to record and reconstruct computer generated holograms
[2]. The complete characterization of the write-once disks will be presented at the conference. We have just
started the characterization of the properties of the magnetooptic disks.

In general, the rate at which information can be retrieved is proportional to the optical power required.
Therefore the speed-up that PRODs can provide has to come at the expence of power consumed and in
many cases this consideration may pose the limitation on the degree of parallelism that can be achieved in
a PROD system. Another limitaticn is the numerical aperture of the optical scanner that is used to select
M out of N pixels stored on the disk and route them to the M parallel output channels. If we want to
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arbitrarily select any M pixels then the total number of ways this can be done is

S = (ivl) o 2M(loqN—logM),

where the approximation is good for M << N. The optical scanning system must be capable of being set
in § distinct states for this most general PROD system to function properly. For instance, if N = 10° and
M = 103, then § = 2600000g(10) which is of course huge and impractical. This leads us to the conclusion
that it is not possible to construct a random access memory with large parallelism. We must structure
the memory and constrain the way in which the access to the stored data can be done. The most obvious
constraint is to partition a priors the stored data in blecks that will be read out in parallel. In what follows
we describe specific architectures and applications of PROD systems of this type.

The eystem shown in Fig.5 is designed to select any one of N/M stored blocks of data, each consisting
of M bits, and present it to a fixed detector array with M elements. The entire memory to be scanned is
presented at the input of the system. The output plane consists of a pinhole array that passes half the image
(every other pixel). The input plane is imaged to the output through a beam deflector that shifts the image
by one pixel only or not at all. Therefore depending on the setting of the deflector, one or the other half
of the pixels from the disk will be selected by the pinhole array. The light that goes through the pinholes
is demagnified by a factor of 2, fed back to the input, and processed in a similar fashion except that the
deflector is reset for each iteration. An active element (e.g. 2-wave mixing amplifier) must be included in
the loop to compensate for light loss and provide buffering. After logN — logM such iterations the pattern
at the input has been reduced to M bits. If the recording of the data on the disk is done by interleaving the
M-bit blocks of data, then each distinet sequence of deflector settings will yield a different block of data.
Notice that this architecture imposes minimum requirements on the deflection system since at any one time
we only need to deflect by one pixel. This scheme does not involve mechanical motion and thus it can be
very fast, limited by the response time of the optical amplifier. In the following two examples disk rotation
is used as a convenient scanning method.

One of the arcas where PRODs can be useful is parallel computation where contention problems that
arise when different processing elements attempt to access data stored in memory simultaneously and/or
in parallel are a major limitation of current machines. An example of a massively parallel architecture
is a neural network. In this case the weights that are needed to specify the interconnection between the
neurons in a large network require a very large memory capacity. The storage density of the optical disk
can accommodate this memory requirement, and additionally the parallel access capability allows fast recall.
For instance, suppose that we wish to implement a network that consists of 10® binary connections, or ten
megabytes of memory. If these weights are stored in a serially readout disk it would require more than a
minute for the disk to simply readout the weights. Thus a simple pass through the network would take a
prohibitively long time. An implementation of a neural network using a PROD is shown in Fig. 6. The
weights are recorded on the disk topologically matched to the network architecture itself. One or more
silicon chips are used, each having photodetectors, one for each weight. The way an input signal propagates
through the network is by first applying the external signal to the electronic chips, downloading in parallel
the appropriate set of weights into the chip, evaluating on the chip the response of this particular section of
the network, and seque:cing through the complete network by rotating the disk so that the appropriate set
of weights is aligned with the chips. This leads to tremendous speed up (perhaps down to several tens of
milliseconds for the complete network). This approach assumes that the network can be decomposed into
parts that can be sequentially executed. ‘Fortunately, this is the case for almost all the networks that have
been discussed in the literature, and most significantly multilayered feedforward networks.

If mechanical rotation of the disk is used for getting to the correct block of data, then parallel contiguous
access along the track is not as crucial as parallel access acrogs the track, This iz due to the fact that a
single detector on a given track can readout a string of bits recorded on this track in the same time it takes
for the disk to rotate the string of bits opposite a 1-D, along track detector array. Therefore, across-track
and non-contiguous (i.e. multiple heads) parallel access of information is more generically useful since it
reduces the time required to get to information stored on the disk by a factor equal to the number of paraliel
access channels. One interesting possibility is to arrange the data in blocks recorded on the disk along radial
lines that can be addressed and read out fully in parallel. The simplest method is to uniformly illuminate
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a radial line and image the pixels onto a detector array. Spacing the detectors at 1u approaches the limits
of modern fabrication techniques. Alternatively the detector array can be broken into multiple segments
with more widely spaced elements. In order to then read the entire vector at once, the detector segments
are staggered in a fixed pattern, and the data is written on the disk in the same pattern. The system of
Fig.7 is an example of radial block storage and it is aimed at a database management application. Each file
is stored along a radial line on the disk and different portions of the disk are used to siore different types
of information (e.g. name, rank, etc. for the files of military personnel). The idea then is to be able to
retrieve the entire file by entering one or more of the attributes or alternatively to enter an item (e.g. rank)
and retrieve the names of all persons with the specified rank. The system shown in Fig.7 achieves this by
having a long 1-D array of source/detector pairs along the radial direction. A typical disk has more than
10,000 tracks which implie. . .2 : source/detector array with an equal number of elements is required. At
present it is feasible to mo ° ‘ncally fabricate such a device with roughly 1,000 elements. Ten or more
such devices can then be co: . «d or staggered on the disk (as mentioned earlier) to detect the entire file
recorded on a radial line. nery for a name is coded as a modulation of the appropriate portion of the
source array. The detector that is situated on the opposite side of the disk (one for each stored item) collects
the light transmitted through the disk. If there is a correspondence between the pattern on the illuminating
source array and the pattern stored on the disk, a strong signal will be sensed on the detector and the match
between input and stored information will be detected. This then triggers the detector array on the top side
to sample and hold the data of the file that produced the match. This information is then read out through
paralle]l to serial conversion. In a system like this, it is possible to record more than 100,000 radial files,
each with more than a kilobyte of available memory. The entire disk can be associatively searched and the
data of a file retrieved within approximately 20 milliseconds (limited by the rotational rate of the disk). The
strength of this approach is that it provides the very powerful capability to interrogate each file for a match
in any one (or more) of the items stored in it during a single revolution of the disk. In almost all cases it
would require an extremely long time to duplicate this capability with a serial read-out disk.

References
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[2] D. Psaltis, M. Neifeld, A. Yamamura, “Optical Disk Based Correlation Architectures”, this confereace.
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University of Colorado
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Optically-addressed spatial light modulators (OASLM:s) provide a technique for processing
two-dimensional optical data in parallel optical computing architectures [1, 2]. The OASLM
presented uses a hydrogenated amorphous silicon (a-Si:H) photosensor and a ferroelectric liquid
crystal (FLC) as the modulator.

The structure of the OASLM is shown in Figure 1. The a-Si:H p-i-n photodiode is
deposited on a transparent conducting oxide (TCO)-coated glass substrate. The FLC is
sandwiched between the a-Si:H and another TCO-coated giass substrate. Rubbed polymer on both

the a-Si:H thin film and the second substrate induces the surface stabilized state of the FLC [3, 4].

N T -fgi:H

Figure 1. Optically-Addressed Spatial Light Modulator
An applied square-wave voltage drives the device. During forward bias, the a-Si:H

photodiode conduc*s, and thus is relatively insensitive to any write-beam. The FLC is provided
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with a uniform positive voltage and switches completely to a particular stable state, erasing any
stored information. This is defined as the OFF state.

Under reverse bias and in the absence of a write light, the a-Si:H is highly resistive and
sustains the majority of the voltage drop. Little voltage appears across the FLC, which remains in
its OFF state. When the write light from an Ar laser (514 nm) is turned on, the photosensing a-
Si:H thin film converts the optical image to a spatially varying electric field across the FLC. This
ailows the optic axis of the FLC to rotate into the ON condition. Ideally, the FLC switches ON
only in those areas corresponding to illumination of the a-Si:H. The read light from a HeNe laser
(633 nm) reflects off the a-Si:H/FLC interface, and therefore passes through the FLC twice,
rotating the polarization of the light by 90°C where the FLC has been switched ON.

We have demonstrated an operational OASLM with a resolution of > 25 line pairs/mm,
limited by the resolution of the measurement system. The response time of the device is shown in

Figure 2. The overall cycle time is 0.3 msec, with a rise-delay time of 85 psec between the onset of

applied
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Figure 2. OASLM response to 2 KHz square-wave voltage and modulated write light (6 mW/cm?2).
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the write-beam and the response, 10% - 90% rise time of 70 psec., a fall-delay time of 50 psec, and
2 90% - 10% fall time of 80 psec.

A circuit model of the OASLM, using the SPICE program, simulates the response time and
modulation at various frame rates. Therefore the effect of characteristics such as the thickness and
resistivity of the a-Si:H and FLC on the OASLM response may be modeled, and used to improve
the performance of future devices.

The fabrication of the OASLM device was supported by the NSF/ERC Grant No. CDR
862236 and by the Colorado Advanced Technology Institute. The optical measurements were

supported by the AFOSR under Contract No. AFOSR86-0819.

References

[ Y

. G. Moddel, K. M Johnson, and M. A. Handschy, Proc. SPIE 754, 207 (1987).
K. M. Johnson, M. A. Handschy, and L. A. Pagano-Stauffer, Opt. Eng. 26, 385 (1987).
N. A. Clark and S. T. Lagerwal, Ferroelectrics 59, 25 (1984).

el

M. A. Handschy and N. A. Clark, Ferroelectrics 59, 69 (1984).

66




MF2-1

Optical Nonlinear Neurons and Dynamic Interconnections Using the Field
Shielding Nonlinearity in CdTe

William H. Steier and Mehrdad Ziari
Center for Photonic Technology
Department of Electrical Engineering
University of Southern California
Los Angeles, Calif. 90089-0483

An optical neuron and a high density dynamic optical interconnect are two
of the critical elements in the realization of an optical neural net computer.
The key to both elements is an optical nonlinear material with a
sufficiently large nonlinearity at reasonable optical intensities which can
be used at wavelengths compatible to integration with semiconductor
sources and detectors. The field shielding nonlinearity in semiconductors
such as CdTe is a charge transfer effect wherein an optical beam creates
photocharge which then alters the electric field pattern in the materiall.
The change in electric field through the electrooptic effect can then be used
to create a dynamic optical interconnect or a nonlinear neuron. In
semiconductors this effect can have a formation time on the order of
microseconds, has a relatively low required intensity on the order of tens
of microwatts per cm2, and can be used in the infrared. CdTe is a
particularly promising material since its figure of merit, n3r/e, which is a
measure of the index change per absorbed photon, is relatively large2.

The optical neuron and its measured input/output response is shown in
Figure 1. The response, measured at output 1 (analyzer axis), approaches
that of the nonlinear sigmoid. The applied voltage is along the <111> axis,
the beam propagates perpendicular to the applied field and is polarized at
450 to the field. The response was measured at 1.06pm but similar
response can be expected over the wavelength band from 0.9um to 1.4pm.
Coherence is not rcquired and LED sources could be used. The soft
thresholding is caused by thermal reionization of the trapped charge which
at low intensities prevents the field shielding from occurring. The
measured response is for the steady state, The speed at which the neuron
can change state decreases with increasing incident intensity ; it can
change to the on state in 10 psec with an input intensity of 10 W/cm2.
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By including mirrors on the sample, the neuron properties can be modified
and tailored. If the etalon is tuned to resonance without an applied field,
the application of the field will decrease the intensity inside the etalon
since the electrooptic effect tunes the etalon for both principal
polarizations; one up and the other down in frequency. However the
effective birefringence is enhanced by the etalon effect. As the incident
intensity is increased, the electric field seen by the intra-cavity beams is
reduced by the field shielding effect, the etalon is tuned back to the
incident wavelength, and the intracavity intensity increases nonlinearity.
The etalon effect changes the shape of the neuron response, changes the
threshold intensity, and reduces the required applied voltage. The effects
of various mirror reflectivities, sample absorption, and applied fields on
the neuron response will be presented.

The neuron can also be used with a polarization either parallel to or
perpendicular to the applied field. The field shielding then effects the
index and not the birefringence. The index change tunes the etalon
response and changes the transmission as in the typical nonlinear etalon
neuron. However, the index change is different for the parallel and the
perpendicular polarization and hence the transmission vrs. intensity
curves are different for the two polarizations. This type of response has
application in backpropagating error driven learning networks3. The
response of the CdTe neuron for these applications will be presented.

Optically controlled dynamic interconnections have application in several
proposed optical computing systems and in optical networking. The field
shielding effect can be used to produce a dynamic interconnect if the beam
to be switched is at a wavelength which creates little photocharge

( >1.4um for CdTe ) and the control beam is at a wavelength near the band
edge (.85-.90um for CdTe ). The switched beam propagates and is
polarized as in Figure 1 and the control beam is applied perpendicular to
the switched beam or through a transparent electrode. In the absence of
the control beam the electric field is approximately uniform throughout
the sample; when the control beam is applied the field is present only in a
small region near the negative electrode. Figure 2 shows measured electric
field distributions inside the CdTe both with and without the 0.90pm
control beam. An intensity of only 10 pW/cm?2 at 0.9um was required to
effect these substantial changes in the electric field pattern. These
patterns were measured by observing the electrooptic effect at 1.5um. A
beam at 1.5um placed just under the negative electrode can be efficiently
switched between outputs 1 & 2 due to the electrooptic effect. Figure 3
shows the switching when the control laser diode is pulsed; it rapidly
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switches to output 1 and, in the dark, remains latched for several
milliseconds. The switching time decreases with increasing control beam
intensity with a time of 1 psec at 10 W/cm- It is not required that the

control nor the signal beams be coherent and hence LED sources are
possible.

This redistribution of the electric field in high resistivity semiconductors
and photorefractive dielectrics has been observed earlier®5 and is believed
to be due to electrons excited into the conduction band by the control
beam which drift toward the positive electrode but are trapped before
reaching the electrode. The result is a positive space charge layer under
the negative electrode and a high field region under the negative electrode.

This type of interconnect has the property that once placed into the
switched state it tends to remain there for several milliseconds after the
control beam is removed because of the long time required to thermally
reionize the trapped electrons. Thus the interconnect can latch and hold
into a particular state until erased. This can significantly reduce the
energy dissipated by the control beams and the resulting thermal effects
in a large array of interconnects.

These devices can be used for a 1-D interconnect array with the control
beams entering through the transparent negative electrode as shown in
Figure 4. Because the field occurs only over a small region when switching
occurs, only modest applied voltages are required. The design and
operating parameters of the array will be presented. The application of
these arrays to a nonblocking crossbar by using polarization splitting optics
will be reviewed.

An etalon can potentially be used on either the control or the signal beams
or both to alter the switching characteristics and to reduce the required
voltage. The advantages and difficulties of these approaches will be
reviewed.

1. W. H. Steier, J. Kumar, and M. Ziari, Appl. Phys. Lett. 53, 840 (1988).
2. A. M. Glass, MRS Bull. 16, 36 (1988).

3. K. Wagner and D, Psaltis, Appl. Optics. 26, 5061 (1987).

4, P. G. Kashermmr D. G. Matyukhin, and V. A. Sladkova, Sov. Phys.

Semicond. 14, 763 /:980).
5. V. V. Bryksin. L. I Korovin, V. I. Marakhonov, and A. V. Khomenko, Sov.
Phys. Solid State. 25, 1244 (1982).
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FIG. 1. Configuration of CdTe based optical non-linear

¢ Field

ri

Elect

Normalized

FIG. 2. Electric field distribution in the 6mm region
between the electrodes. The illumination at .9 um causes a

209
<HD
s
v
o OUTPUT | z ]
I - .
NS s 100
INPUT 0 0 2
»
2
»
POLARIZER = POLARIZATION OUTPUT2 =
OIVIDING
PRISM o \ ) , N
[} $00 1060 1300 2000 2800

c Negative Positive
H Electrode Electrode ~]

e

moscsmonus Dark
e Gum illumination

-po---.t-------Q----~.
» ..

L e

_f“‘""—\___:;:%

Position (mm)

region of high field at the negauve electrode.

TRANSPARENT
ELECTHODE

SIGNAL BEAM ARRAY (POLARIZED)

Intensity in (ut¥/em2)

neuron and its input/output response.

FIG. 3. Time response of CdTe to a pulsed control laser
diode. The upper trace is the control laser output and the
lower trace is the Intensity of output 1. The horizontal
scale is 2 msec/div.

OUTPUT SIGNALS

CONTROL BEAM
PATTERN (1-D) # }}}
1 s/]

POLARIZING
PRISM

FIG. 4. Occ dimensional reconfigurable optical interconnects.

70




MF3-1

PHOTOREFRACTIVE NEURON BY TWO-WAVE MIXING

V. HORNUNG-LEQUEUX, Ph. LALANNE, J. TABOURY, G. ROOSEN

Institut d'Optique Théorique et Appliquée
U.A. CNRS, B&timent 503, B.P. 43
91406 ORSAY Cédex, FRANCE

J.J. Hopfield has shown [1] that highly-interconnected neu-
ral networks have computational abilities for optimization prob-
lems and pattern recognition. The activity of a neuron can be
modeled as shown in figure 1. The ¢raded response to an excita-~
tory or inhibitory force F is a non linear function of the
input.

Bipolar neuron state K

Figure 1
Input~output graded
response of neurons.

This function can be realized by a component that preser-
ves the wave phase and produces a saturation of the output
intensity. Two wave mixing in photorefractive materials does'nt
alter the phases of the interfering beams (as long as it invol-
ves a pure diffusion process of the photoinduced charge car-
riers) and provides amplification of one beam at the expense of
the other [2, 3],

The amplified signal beam at the crystal output is :
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(r + 1) exp GL
1+ r exp GL

I, (L) = I, (0)

where G is the photorefractive gain per unit length as defined
in [2, 3], L is the interaction length of the two beams inside
the crystal, r = II(O)/IZ(O) the ratio of signal to pump inten-
sities, at the crystal entrance. We note 7 = exp GL. For r<«<1,
and 7Tr<<1l, the amplified intensity Il(L) is proportional to
II(O) ; the straight line slope is ¥. When r is increased (but
r << 1), 7r becomes much larger than unity and II(L) becomes
quasi-constant and equal to the pump beam intensity
II(L) = IZ(O) , whatever 11(0)' This condition that gives the
level of the saituration is satisfied when, for example,
T » 3000 and r equal to some percents. If r is about unity, the
amplified output intensity is Il(L) = II(O) + 12(0). In conclu-
sion, this short discussion shows that a saturation level is
achievable for large variations of the input intensity. More-
over this saturation level can be modified by varying the pump
beam intensity.

1,(L)/Io(@)
1 ¥=3000
~1000

Figure 2 : Theoretical dependen-
ce of II(L)/IZ(O) as a function

of r for v = 1000 and 3000.

——t——t—t—t+—+—r

.81 .03 .85 .07 .89

T

In an optical implementation of neurons, losses due to the
holographic synapses must be compe.sated at the saturation
level. Moreover, this saturation level must remain quasi cons-
tant on a large range. Figure 2 illustrates, for 7 = 1000 and
3000, that a large constant saturation level can be obtained as
soon as r > 0.03 (i.e. the looses are smaller than 97 %).

In optimization problems, Hopfield [1] as shown that the
graded part of the neuron response (1/7) behaves as an effecti-
ve temperature, permitting to escape from local minimum of the
energy. With an incoherent third beam illuminating the crystal,
an "annealing" situation can be provided by progressively
decreasing the third beam intensity, thus increasing the photo-
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refractive gain G (and therefore 7), corresponding to decrea-
sing the effective temperature [3].

Experimental demonstration has been carried out using a
BaTiO3 crystal grown in Dijon (France). An illustration of the
results is given figure 3.

The amplified signal II(L) remains constant for a dynanic
range of 10 of the incident signal intensity Il(O). The ampli-

fication gain given by II(L)/If(L) (If(L) = transmitted signal
intensity without pump) varies from 10 to 100 for the r dynanic
range giving a constant output signal II(L).

Amplification with a thresholding nonlinearity has also
been demonstrated on a non uniform object.

I, (L) (mk)
2 1

Figure 3 : Experimental depen-
dence of the amplified

1 signal as a function of r ;

relative accuracy ~ 1.5 %.

' . + — P
7] .9 1 1.9 2

@

However our experimental arrangement gives high gains at
the expense of important incident angles on the crystal. This
considerably restricts the number of pixels that can be proces-
sed. A specifically cut crystal with its optic axis at an angle
of the entrance face would eliminate this drawback [4].

(1) J.J. Hopfield, D.W. Tank, Biol. Cytern, 52, (1985), 141.

(2) N.V. Kukhtarev, V.B. Markov, 8.G. Odulov, M.S. Soskin,
V.L. Vinetskii, Ferroelect., 22, (1979), 949.

(3) V. Lequeux~Hornung, Ph. Lalanne, G. Roosen, submitted to
Opt., Communications.

(4) J.E. Ford, Y. Fainman, S.H. Lee, Topiczl Meeting on Spa-

tial, Light Modulators, Tech. Digest, 8, (1988), 40.
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PHOTOREFRACTIVE SPATIAL LIGHT MODULATION BY

ELECTROCONTROLLED BEAM COUPLING IN SBN:Ce CRYSTALS

Jian Ma, Liren Liu, Shudong Wu, and Zhijiang Wang
(Shanghai Institute of Optics and Fin~ Mechanics, Academia Sinica)

(P.0.Box 8211, Shanghai, P.R.China)

The use of photoinduced dynamic refractive—index gratings for
incoherent-to-coherent optical conversion or spatial light modulation
has been reported, such as, four—-wave mixing phase~conjugation in BSO
crystals [1,2] and anisotropic self-diffraction in KNbO3 crystals [31.
The coherent reconstruction in these experiments was a negative replica
of the incoherent input image. We have found a new phenomenon in SBN:Ce
that the coupling direction can be altered and coupling gain can be
changed by an external electric fie}d [4]. In accordance with this
effect, in the present paper a new method for incoheient-to-coherent
conversion and spatial light modulation using two-beam coupling in
SBN:Ce is proposed, which is suited to control the replica contrast to
be either negative or positive.

Dur approach is based on such an idea that spatially overlapping an
incoherent image tc the said phase grating in a crystal wili yield a
modulation of coupling gain. Thus the spatial modulation can be trans-
ferred onto a coherent beam which either gains energy from pump (nega-
tive replica) cr releases energy to pump (positive replica).

Consider the experimental configuration shown in Fig.1. For simpli-~
city in calculation, %e assumr twuv coherent writing beams with intensi-~
ties J1 and Tz being plane waves anéd an incoherent signal with intengity
Is being homogeneous:y distributed. The applicable coupled-wave equa-
tions are [5]

* x
GAs/7dz=(yY /1)A1l2, (i)
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dA2sdz=-(Yy 7/I1)A21., (2)
where

=li1+12+1s, (3)

Y=WrettEs2nccos a . (4)

With the help of energy conservation law, Egs. (1) and (2) are immedia-

tely integrable:

Iin=rlcexp(mL)/[1+rexp(m[L)], (5)

I2=1c¢/[1+rexp(mfL)], (6)
with

r=I1(0),12(0), (7)

M=2Re(Y), (8)

Ie=11(0)+12(0), (9)

and the modulation factor

m=1/(1+Is/1¢). (10)
In this result, energy is coupled from beam 2 to beam 1. However, since
the coupling direction is determined by the direction of ¢ axis [6]
which can be reversed by an applied electric fieldl4,7]1, we can reverse
the coupling direction by reversing the applied voltage. Thus, it can
be seen from Eqs.(5) and (6) that the intensity of the coherent beams
are modulated by the incoherent signal.ls. Either a negative or a posi-
tive replica will be resulted in the intensity distribution of the out-
put (beam 1 as shown in Fig.1) with a positive or a negative voltage.
It should be noted here that a pair of negative and positive ccherent
replicas can be simultaneously obtained by adding an optical branch for
Iz, symmetrcal to Ii.

For a definite value of Is/I¢, the optimum value of r for arriving a
maximum slope of the curve {(Ii1/1c¢ versus I./1¢) is derived simply as

exp(-m["L), for negative replica,
Fopt= (12)

exp(m/’L), for positive replica.
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This result is helpful for setting the experimental parameters, such
as r, Ic and Is.

During experiment, the crystal is placed at the near Fourier plane of
both the incoherent image and beam 1 in order to decrease the response
time and to match the dimension of the used crystal (15X 10mm2). A
transverse electric field, E+s=5KVs/cm, or Eo=-5KV/cm, is applied along ¢
axis of the crystal to control the coupling direction.

Fig.2 shows the experimental photographs of negative and positive

coherent replicas of a grey~level incoherent image respectively.

{1} Y. Shi, D. Psaltis, A. Marrakchi, and A.R. Tanguvay,Jdr., Appl.
Optics, 22(1983)3665.

(23 A. Marrakchi, A.R. Tanguay,Jdr., J. Yu, and D. Psaltis, Optics Eng.,
23(1985)124.

{33 E. Voit, and P. Gunter, Optics Lett., 12(1987)769.

{4 J. Ma, L. Lie, S. Wu, Z. Wang, L. Xu, and B. Shu, Electrocontrolled
beam coupling and bistable behavicur in SBN:Ce Crystals,
Appl. Phys. Lett. (to be published soon).

15) K.R. MacDonald, and J. Feinberg, J. Opt. Soc. Am. 73(1983)548.

{61 J. Feinberg, D. Heiman, A.R. Tanguay,Jr., and R. Hellwarth,
J. Appl. Phys.. 51(1930)1297.

{71 D.M. Gookin, Optics Lett., 12(1987)196.

Fig.1. Experimental configurat.on for photorefractive incoherent—-to-
coherent optical conversion by using two~beam coupling. BS, bean
splitter; Ms, pmpirrors; Li-Ls, lenses; T, transparency.

Fig.2. Incoherent—to-coherent optical conversion of a grey-level trans-

parency, (a) negative replica, (b) positive replica.
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InP/InGaAs Based Charge-Coupled Devices for MOW Spatial Light
Modulator Applications

K. Y. Han, R, Chang, C. W. Chen, J. H. Quigley
M. Hafich, G. Y. Robinson and D. L. Lile

NSF Engineering Research Center in Optical Computing
and Department of Electrical Engineering,
Colorado State University, Fort Collins, CO 80523

The use of optics for increasing the performance of signal handling
systems beyond what can be achieved with electronics alone is becoming of more
and more interest in a wide variety of areas. Optical communications via
fiber links, interchip data routing via on chip emitters and detectors,
integrated opto-electronics fo£ a variety of circuit functions, and optical
computing, all offer potential performance gains not only in speed and data
handling capacity but also in ease of implementation. Associative memories
and robot vision for example are application, seemingly naturally suited to
optics.

One major component in a variety of these areas that does not yet appear
to have achieved the level of performance desired by many systems
architectures is the Spatial Lisht Modulator. Such devices certainly are
available in a variety of formats, including those based on Ferroelectric
Liquid Crystals, which offer outstanding contrast ratios and the potential for
large array implementation. They do, however, suffer from the problem
associated with any bulk phenomenon device of being quite slow. An
alternative approach, demonstrated quite recently by Goodhue et. al,(l)
involves using the Quantum Confined Stark Effect in MQWs to achieve electric

field controlled light modulation(2'3)

while a CCD provides the capability to
spatislly program the field across the erea of the device, In this way

potentially high speed Giga-bit data rate light modulation has been

demonstrated using GaAs/GaAlAs with contrast ratios ~1.5 to 1(4).
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One problem with GaAs based CCDs however, which has been well recognized

(3)

in the literature'”’, is the absence of a good dielectric and hence a lack of
a two level gate technology. GaAs/GaAlAs quantum wells also operate at a
wavelength ~0.85 um, well below the bandgap of GaAs, thereby resulting in an
absorbing substrate which must be removed if good transmittance in the on-
state of the SLM is to be achieved. Although various techniques are available
to minimize this problem it certainly is an additional factor further
complicating what is to some extent an already complex device.

InP based CCD's, and the associated lattice matched InGaAs/InP MQW
materials combination, suffer from neither of these difficulties. 1InP CGCD’s
have been demonstrated to be fast, with fclock as high as ~ 1 GHz, in even

(6)

quite large geometry structures , to have a compatible dielectric which
allows an overlapping two level gate technology analogous to that used in Si
CCDs, and to have a transparerit substrate over their ~1.3 to 1.6 um operating
range.

This paper will present results we have achieved on InP/InGaAs CCD
performance, and on MQW field induced light absorption for high speed SLM
applications. In particular we have fabricated a variety of 8 bit linear CCD
arrays on InP and InGaAs epitaxial material grown by gas source MBE(7) and
have evaluated their transfer efficiency, noise and linearity. We have also
investigated the modulation capabilities of InP/InGaAs insulated gate MQW
structures versus wavelength. The geometry of the devices we have been
studying is shown in figure 1 and figure 2 shows their high frequency
response(s).

Acknowledgement: Tl 1itunding for this work was provided by the NSF, through
their support of the ERC in Optical Computing, by the Colorado Advanced

Technology Institute and by DARPA.
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Figure 1. Geometry of the 8 bit InP/InGaAs MQW based CCD SLM. The gate
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Optical Space-variant Logic-gate Using a New
Hybrid BSO Spatial Light Modulator

Zhang Ji Liu Weiwei Zhong Licheng Gou Yili

A novel method on the basis of spatial encoding technique has been adv-
anced by T.Yatagai. 1In this method, the multiple instruction multiple date-
fluent (MIMD) is simply realizable in parallel by varing the decoding mask,
but the method for encoding input pattern poses a problem in practical app-
lication. One of solution is to use the hybrid system, and encoding can be
done with electronic computer. The other is using a new hybrid BSO SLM which
can be used to encode input binary pattern with optical method. The hybrid
BSO SLM can be used not only in encoding but also in neural logical process.
In the further research, we will use it to enhance edge of pattern and to
quantize pattern.

The hybrid BSO SLM and Itck's BSO PROM have identical principle in the
operation. Buc they are different in composition. The diagram of hybrid BSO
SLM was shown in Fig.1l. Two BSO PROM are pressed close to both sides of a
polarizer, which can keeps imput pattern on two BSO PROMs from influence each
other when reading in pattern with polarized light. Optical aperture of the
hybrid BSO SLM is 30x30 mm. Resolution is 1800x1800 resolution elements total.
Contrast ratio>1500:1. One full opteration requires 50 msec. Half-wave vol-
tage of BSO crystal is 3.9kv. But in practical operation optimum voltage is
about 6kv for the highest cantrast ratio. The notable feature of the hybrid
BSO SLM is that length and noise of optical process system can be reduced
when it is used.

Arrangement of opticai process system was shown in Fig.2. Input binary
pattern A and its horizontal encoding mask pattetn were written with high
pressure Hg lamp on both sides of the SLM. Same were done for pattern B on
the other SLM, but encoding mask pattern was vertical line. Decoding mask
pattern, which has been memorized in electronic computer, can be written in
the BSO PROM. The result of process was read out with 20mw He-Ne laser. All
sixteen logical function have been realized in the MIMD logical way. In order
to reprocess the result of the former opteration in next step, the wavelength
eonversion device can be a Photo-DKDP SLM or waveguider SHG crystal device.
Both of them are under research.
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Fig,1 Composition and typical dimension of hybrid BSO SIM
( 1: Trensparent electrodes 2: Polariger 3: Insulator
layer 4: AR coating 5: Glass plater 6: Photoconductive
electro-optical crystal ( Bi;SiOz) )
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HIGH~SPEED PARALLEi. OPTICAL PROCESSORS OF
PHOTOREFRACTIVE GaAs

Li-Jen Cheng and Duncan T.H. Liu
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California 91109

It is known that a photorefractive crystal can act as a phase
conjugate mirror via four-wave mixing or self-pumped phase
conjugation. The use of a phase conjugate mirror in the
interferometric system for parallel mathematic operations has
been reported[l1-6]. The photorefractive materials used are
BaTiO3[1~-5] and Bi;;Si0,[6]. The phase conjugation process can
improve dynamic stability by reducing the sensitivity to beam
pat™ “luctuations and alignment. However, the slow responses of
arials make operations not only slow, but also sensitive
mtal fluctuations, such as air turbulence and
Vi time constants shorter than those of the material
res,

Recently, significant progress in the study of the feasibility of
using photorefractive GaAs crystals as optical processing media
has been achieved([7-9]. This paper reports the first
demonstration of several basic optical processing operations
using an interferometric tecl.nique with a phase conjugate mirror
of photorefractive GaAs. The demonstrated processes include
image subtraction, coherent and incoherent addition, inversion,
parallel OR and exclusive OR(XOR) logic operations. The
demonstration can be applied to other photorefractive
semiconductors, such as InP and CdTe. The major advantage of
using photorefractive semiconductors is the fast response
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time[7,10]. This not only provides high speed operation, but
also makes the system immune to low frequency vibration and
fluctuation. The latter is due to the fact that the light-
induced grating can follow the low frequency environment
variation. The low frequency vibration and fluctuation are
undesirsd environmental problems which commonly occur in
interferometers, including those using phase conjugate mirrors of
photorefractive oxides, such as BaTiO; and Bij;SiCy.

The sketch in Figuxe 1 briefly shows the configuration used for
the experiment. A 1.06 micron light beam from a Nd:YAG laser
entering from the left of the figure is split into two beams at a
beam splitter(BS). Both reflected and transmitted beams, S1 and
82, are incident onto a GaAs crystal after passing through
different optical paths and transparencies. Each beam creates an
index grating with a coherent beam, PUMP 1, from the same laser.
Each grating has a slight different orientation with respect to
each other. Another beam, PUMP 2, also from the same YAG laser
but incoherent with respect to the other beams travels against
the direction of PUMP 1 and enters the crystal from the opposite
surface. This beam is diffracted by the two gratings, resulting
two phase coniugate beams, PCl and PC2, which travel alonyg the
same path of S1 and S2 but at the opposite directions. Then,
these two beams subsequently combine at BS and form an output
beam which is imaged on the sensitive cathode of an infrared
vidicon camera. The output image is the interference pattern of
PC1l and PC2 and thus it depends on the relative orientation of
the two gratings. Therefore, an adjustment of the alignment of
S1 or S2 can change the relative phase between PCl and PC2, As
the result, different mathematical operations can be achieved.

rPigure 1 gives a set of photographs and intensity scans
K]

illustrating that image subtraction, inversion, coherent and
incoherent addition, parallel OR and exclusive CR (XOR) logic
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operations can be obtained using the interferometric technique
with GaAs phase conjugate mirrors. The result shows the

potentizl of developing a fast versatile optical processor of
GaAs capable of performing several basic computing operations.

It is worthwhile to note that the stable interference patterns
are obtained under an experimental condition which are not
usually suitable for ordinary interferometric experiment. This
illustrates that a GaAs-~based system has a high degree of
immunity to the low frequency mechanical vibration and air
turbulence, because the fast grating formation of GaAs can follow
the disturbance.

This work was carried out by the Jet Propulsion Laboratory,
California Institute of Technology, and was sponsored by the
Defense Advanced Projects Agency and Strategic Defense Initiative
Organization/Innovative Science and Technology . arough the
agreement with the National Aeronautics and Space Administration.
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DESIGN OF A SYMBOLIC SUBSTITUTION BASED, OPTICAL
RANDOM ACCESS MEMORY

M. J. Murdocca and B. Sugla
Room 4G-538, AT&T Bell Laboratories
Holmdel, NJ 07733

Abstract
Symbolic substitution is applied to the design of an optical random access memory. The design is
near-optimal in gate count and circuit depth.

1 Introduction

Symbolic substitution'!l is a method of computing based on binary pattem replacement. A two-dimensional
pattern i3 searched for in parallel in an array and is replaced with another pattem. An example of sym-
bolic substitution is shown in Figure 1a. The pattern being searched for is called the left hand side (LHS)
of the transformation rule and the pattern that replaces the LHS is called the right hand side (RHS) of
the transformaticn rale, In Figure la the LHS of the rule is satisfied at two locations, so the RHS is
written at those locations as shown in the transformed array. Cells that do not contribute to a LHS pattern
disappear after the rule is applied. Transformation rules can be customized to perform specific operations
such as addition,[] Turing machines,?) and sorting.®} We have found that symbolic substitution provides
rich connectivity for implementing complex functions when augmented with a log, N interconnect such
as a crossover*] without introducing severe implementation constraints,

Consider the crossover interconnection scheme shown in Figurz 1b. In this implementation of a
crossover, a two-dimensional input image is passed through a beawm-splitter where it is split into two
identical images. One image is focused onto a mirror and is reficcted back through the system to the
output plane with no changes made to the spatial locations of data. The second image is passed to a
grating where data is interchanged according to the period of the grating. Masks in the image planes
customize the interconnect and an array of optical logic devices regenerates signals allowing for indefinite
cascadability. The goal of this setup is to connect the output of every logic gate with the ouput of another
gate according to the crossover pattern, except for connections that are masked out.

The crossover interconnect at any stage can be described by three symbolic substitution rules corre-
sponding to the three angles of connections in a banyan interconnect as shown in Figure 2a. The logic
gates in a banyan network can be rearranged into a crossover network by “rubber banding” the connec-
tions. This property is referred to as isomorphism and is characteristic of other interconnects such as the
perfect shuffle.[6] The significance of this isomorphism is that we can design digital circuits with the
banyan, which is corceptually simpler for applying symbolic substitution to gate level interconnects,!”)
and map the design onto the crossover which is more efficient in terms of spatial bandwidth and conserva-
tion of light. The basic idea is to use three symbolic substitution rules for cach stage of the banyan, where
the rules reflect the angles of connections in each stage. Rules for the top stage of an eight wide banyan
are shown in Figure 2a. Rules can be prevented from firing at specific sites by setting the corresponding
locations on the masks in the image planes to be opaque. The use of the crossover allows properties of
logo N networks to be used in the design of optical digital circuits while maintaining the use of symbolic
substitution at the foundation.

2 Design of the Memory

A computer memory is called random access if any word of the memory can be accessed in an equal
amount of time, independent of the position of the word in the memory. Usually the time is logarithmic
in the size of the memory. That is, if a random access memory (RAM) contains N words, then any
clement of the memory can be accessed in C - [logy N time, where 7 is the fan-out (here we assume a
fan-out of two) and C is some constant For a RAM of size N, M = [log,N'] address bits are needed to
uniquely identify each word, Address bits are fed to the address decoder of the RAM which selects a
word for reading or writing via an M-level decp decoder tree. Read and Write control lines determine
whether the addressed location is to be read or written, and data lines provide a means for transferring
a word to and from the memory. As the size of the memory grows, the length of the address grows
Logzg;'mmicallv, so that one level of depth is added to the decoder tree each time the size of the memory
oubles.

The model shown in Figure 2b illustrates the architecture of the optical RAM we propose, A two-

dimensional input image contains an address and a new word of memory (when writing) and is passed
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through five crussover stages of varying periods. The stored words of the memory travel through free
space while the address is decoded, and then the decoded address and the memory are combined at Stage
5. Stage 6 is the final stage of writing into memory as described below. The new state of the memory
is then fed back to the first stage. Regeneration and logic s performed by S-SEED devices!¥ or any of
a number of other suitable devices.

In order to write into the memory, the old word is erased and the new word is written in its place.
There are three steps involved in writing into memory as shown in Figure 3. The first step is to find
the addressed word via a decoder trce. Tie next step is to use that decoder tree to erase the old value.
The last step is to use the decoder tree to enable the location to be written and write the new word into
that location. In Figure 4, the old memory travels st aight through on the right side of the diagram. It is
interrupted at two locations, a NOR stage where th . old word is erased and an OR stage where the new
word is written. Since it is not known in advance where the new word is to be written. the new word is
written to every leaf of an N-wide fan-out tree in the fan-out section. The output of the Decode section is
NOR’ed with the ouipat of the fan-out section so that one copy of the word to be written remains, in the
proper location. The output of the Decode section is inverted and NOR’ed with the old memery so that
every word in the old memory is enabled except for the word at the location to be written. The output
is then OR’ed with the fan-out section to place the new word in the memory at the correct location.

The outputs of the Decode and Fan-out sections are superimposed to select one word at the addressed
location as shown in Stage 4 of Figure 4. The Decode scction is inverted and NOR’ed with the old
memory to remove the old word at Stage 5, and the Fan-out memory is superimposed with the old
memory at Stage 6 to yield the new memory. Reading from memory is performed in a similar manner,
and is not detailed here for space considerations. The Read circuitry is included in Figure 4.

3 Discussion and Conclusion

Component count can be improved. Note that when the stered words of the memory travel alongside the
decoding and memory collection trees that they do not contribute to any logic nperation exczpt where
the flow is interrupted. For the levels where memory is simply flowing from one level to the next with
no computation taking piace on the memory itself, no logic is needed. Free-space propagation with
appropriate delays provides the means for maintaining data cn these ievels, which improves the amount
of logic devoted to storage to between one and two switching components per stored bit of information,
the exact number depending on the size of the memory.

A design for a RAM based on symbolic substitution using planar arrays of optical logic gates inter-
connected in frec space is proposed. Conventional serial readout is possible as well as parallel readout,
which is an advantage over electronic-integrated circuits. The latency between the time th= address is
presented and the outputs appear is 2[log; N] — 1 gate dclays for reading an N bit memory in scrial.
The latency is [loga N gate delays for parallel readout and [log,N| +3 gate deiays for serial writing. A
parallel write requires only a single gate delay. The design shows that random access memory can be
efficiently designed for an all optical free-space architecture.

The authors acknowledge Alan Huang for his many hzipful comments on this work.
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A Massively Parallel Optical Computer

Ahmed Louri
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Abstract: In this paper, we present a new optical architecture for supporting massively
parallel computations. Th: system processes two-dimensional arrays as basic data objects.
The processing is based on the optical symbolic substitution (SS) logic. New SS rules are
introduced.

1. Introduction: In this paper, we present a new optical computing architecture for
implementing massively data-parallel computations. These applications exhibit a Ligh de-
gree of data-parallelism in which simple arithmetic and logic operations are simultaneously
applied across large sets of data. Optical systems can simultaneously perform the same
operation on all the entries of an image, hence are attractive for massively data-parallel
processing. Explored in this paper is a parallel architecture that exploits optics advantages
for efficiently implementing massively data-parallel algorithms, and a technique for mapping
parallel algorithms onto the architecture.

2. The Parallel Optical Computing Model: Figure 1 depicts a block diagram of the
basic components of the system. Unlike conventional computers that manipulate individual
0s and 1s as basic computaticnal object, the optical architecture manipulates bit planes as
basic computational objects. Up to three bit planes can be processed in parallel. For bit
planes of n X n entries, it follows that up to 3 x n? operations are performed concurrently.
The heart of the architecture is the processing unit. Locally, this unit can be viewed as
a bit-serial processor, since it performs one logical operation on one, two or three single-
bit operands. Globally, it is viewed as a plane-parallel processor, since it performs the
same operation on large sets of data encoded as bit planes in parallel. This bit-serial plane-
parallel processing combination allows flexible data formats and almost unlimited precision.
Optical interconnects are used for data flow in the system. The architecture is conceived to
be built with optical hardware that manipulates entire images simultaneously both at I/0
and processing, so that the 2-D optics parallelism is sustained throughout various stages of
the computation.

2.1 The Processing Unit: The processing unit operates in the SIMD (single instruction
multiple data) mode, where the same operation is applied to all the data entries. In the
proposed system, processing is based on the optical symbolic substitution logic[1]. Informa-
tion is coded as spatial symbols in the input planes. Computation proceeds in transforming
symbols into other symbols according to a set of substitution rules specifying how to replace
every symbol. The proressing unit is equipped with three fundamental operations logical
NOT that inverts all the entries of an input plane, logical AND that performs the logical
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AND operation on the overlapping bits of two input planes, and a full Add that performs
the full addition of the overlapping bits of all the three input planes. These operations con-
stitute a complete logic and arithmetic set, capable of computing any arithmetic or logic
function. The optical implementation of this unit will be presented in the implementation
section.

2.2 Input/Output Data Routing: The data represented as bit planes is fed to the processing
unit either from the data memory or the outside world through three input planes, namely
A-, B-, and C-plane as shown ir Fig.1. Depending on the fundamental operation needed at
a given computational step, the input combiner performs three data movement functions:
for the logical NOT, it simply latches the relevant input plane to the processing unit. For
the logical AND, the data movement required is called the 2-D perfect shuffle. This function
performs the shuffling of the row position of the data leaving the column position unchanged.
The data movement function required for the full add operation is called the 2-D 3-shuffie.
This function performs a 3-way shuffling the rows of the three input planes.

The output router is responsible for directing the processed data to its appropriate
destination. It also performs three data movioment functions: feeding back to the input
combiner, a partial result such as a carry bit plane resulting from a full add operation,
sending a final result to the data memory for storage, and shifting the output either in the
X or Y direction by a variable number of pixels. This shift enables communication between
pixels in the plane.

3. Optical Implementation Considerations: In order to process information optically,
we use light intensity and positional coding for the data representation. We encode the the
binary bits 0 and 1 by dark-bright pixels and bright-dark pixels respectively as shown in
Fig.2a. This encoding scheme has some implementation advantages(2].

Fig.2(b-d) depicts the symbolic substitution rules required to optically implement the
fundamental operations: logical NOT, logical AND, and full Add. These SS rules are
derived from the truth table specifications of these operations. The left-hand sides patterns
(or search patterns) of the SS rules represent the input combinations and the right-hand sides
(or replacement patterns) represent the table entries. The full add operation manipulates
three bits which gives rise to eight combinations. If we put the bit symbols on the top of
each other, we produce eight SS rules for the full Add. similary, the logical NOT, and AND
give rise to two and four SS rules respectively. Note that for the logical AND and the full
Add operations, each bit is provided by a separate bit plane. These bits have the same
coordinates ¢, in each plane. The grouping of bits into left-hand patterns is accomplished
by the data movement functions described earlier. Optical implementation of the symbolic
substitution has been suggested by several researchers[3,4,5]. The processing unit can be
implemented in a modular fashion, where the rules are divided into functional modules :
full Add module, NOT medule, and the AND medule. Each medule comprises the SS rules
corresponding to the function to be accomplished. An incoming plane (single plane for
the NOT operation, two or three combined planes for the AND and full Add operations)
is dynemmically directed to the appropriate module depending on the operation required.
Only one functional module is active at a time. Within each module, all the SS rules are
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fired in parallel. Therefore, all the left-hand sides of the SS rules are searched and replaced
by their corresponding right-hand sides in parallel. Details of the optical implementation
of the input and output units and of the data memory will be presented at the conference.

4. Mapping Parallel Algorithms onto The Optical Architecture: We view the
mapping process as a hierarchical structure as shown in Fig.3. At the highest level of
the hierarchy is the application we wish to solve, i.e. signal and image processing, vision,
radar application, etc. The next level identifies the various algorithms that can be used to
compute these applications, i.e. matrix algebra, numerical transforms, solutions of PDEs,
etc. A further analysis of these algorithms reveals that they share a common set of high-
level operations. These high-level operations can in turn be decomposed into fundamental
operations such the full Add, logical NOT and AND. The rationale behind the approach is
that a lot of data-parallel algorithms share common features such as localized operations,
intensive computations, matrix operations, and communications patterns. So the mapping
process starts by identifying a set of high-level operations that captures these ieatures.
These high-level operations are then mapped onto the optical architecture. Next, parallel
algorithms are constructed upon these high-level operations. This makes their mapping
onto the architecture systematic and efficient. More details about this approach will be
given through concrete examples during the conference.

5. Performance: If we assume input planes of size 1000 x 1000, and about 10 Mhz
processing rate, then the proposed optical architecture is able to achieve 102 bit operations
per sec. This will represent a three orders of magnitude throughput improvement over
existing array processors. More performance analysis will be given at the meeting.
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APPLICATIONS OF OPTICAL SYMBOLIC SUBSTITUTION TO IMAGE PROCESSING: MEDIAN FILTERS
Abdallah K. Cherri and Mohammad A. Karim
The University of Dayton; Department of Electrical Engineering; Dayton, Ohio 45469-0001

1. INTRODUCTION

Symbolic substitution (SS) based architectures [1] are actively sought for designing optical
computing systems capable of processing binary data in parallel. The symbolic substitution is
a two-dimensional parallel processing technique which maps a given pattern (referred tou as
search pattern) into a new pattern (referred to as scribe pattern).

A direct implementation of truth table (otherwise referred to as truth-tsble look-up
processing) generally requires an insignificant execution time. A content-addressable memory
(CAM) which is well known for its efficiency can be used for implementing a truth table. Using
optical CAMs, SS based arithmetic operations such as addition and subtraction of modified
signed-digit numbers are realized in either only two steps [2]1 or only three steps [3)
irrespective of the number of bits present in the operands. In this paper, we demonstrate a
particular image processing application of SS, namely, median filtering, which has been used to
elininate the noise present in an input image.

[X. OPTICAL SYMBOLIC MEDIAN FILTERING

A. ONE DIMENSIONAL MEDIAN FILTERING

In one-dimensional median filtering, one takes the binary value of a pixel and replace
it by the median of the binary values of this pixel and its neighbors either along a row or a
cotumn. For the case of a pixel having 2 neighbors, a window of size 3 pixels is taken in
either the horizontal or the vertical direction. The binary value of the pixel position is
replaced by the second largest value of the binary values present in the winduw.

For binary images, Table I shows all input combinations for 3-pixel window along with their
expected median values. A, B, and C respectively represent either {i,j), (i,j+1), and (i,j+2)
pixel positions of a 3-pixel horizontal window or {i,j}, (i+1,j}, and (i+2,j) pixel positions of
a 3-pixel vertical window. For the 3-pixel window, only four of the input patterns (rows 5
through 8) having 1 as their median valuesneed to be recognized. Rows 1 through 4 are not
considered since the medians of these patterns are 0. In general, for a one-dimensional
window of size (2 + 1)" pixels a total of 2" input patterns need to be recognized. It is
obvious, therefore, that the increase in the number of to-be-recognized patterns makes the use
of windows of size greater than 5 pixels relatively difficult.

The space-invariant mechanism described by Mait and Brenner [4] may be used to optically
realize the SS-based median filtering. It has been shown that it is possible to construct
optical systems for both recognition and substitution phases using classical elements and
phase-only holographical elements. An alternative is tn use an optical CAM based scheme like
the one proposed by Mirsalehi and Gaylord [5). In LAMs, holographic elements are used for
storage while the system processing is based on truth-table look-up scheme. To use CAMs, the
to-be-recognized patterns (which produces a 1 as an output) of Table I are subjected to a
logical minimization. The resulting reduced minterms are either X11, or 1X1, or 11X where X is
used to denote a don't care literal. These reduced minterms dsre used as references and stored in
Fourier holograms. Consequently, for every output bit in the imege, a total of 3 holugrams wiit
be required if one were to use a Window size of 3 pixels.

B. TWO-DIMENSIONAL MEDIAN FILTERING

For example, in the case of a 3x3 two-dimensional neighborhood, the fifth largest value
Wwill be chosen as the median value. However, in practice, for a 3x3 window a total of 256
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patterns will have to be recognized which makes the implementation of an optical S§$§
questionable. Instead, one can take the median of the three values in each of the three rows
and then take the median of these three in a column of three pixels. This procedure may not
result in the true median, but it may be an acceptable approximation to the actual median. To
realize median filtering, therefore, the one-dimensional scheme (as discussed in section A) for
the 3-pixel window nill heve to be used twice - once along the row and then along the column.

Two-dimensional median filtering, as the one proposed herein, has its own problenm. It
elininates thin lines as well as isolated points and it clips the corners. However, the
horicuiite!l ancd vertical lines as well as the corners can be preserved by using a 5-pixel cross-
shaped stindow. In that case, the central pixel of the cross-shaped window takes up the third
largest binary value from amongst the binary values of five pixels as its new vawue. Note that
the cross-shaped window fails to recognize diagonaliy-oriented lines and c~rners. Consequently,
the SS-based median filtering is best applied to only those images which are devoid of thin
curves and sharp corners.

For the implementation of a 5-pixel cross-shaped window, the entries of Table 1 can be
considered but with D, E, F, G, and H representing pixel positions (i,j}, €i,j-1), €i,j+1>, (i-
1,j), and {i+1,j) respectively. Out of the 32 input combinations, only 16 are required to
produce a 1 at the central pixel of the cross-shaped window. With the help of two don't care
literals, the number of to-be-recognized patterns can be reduced to only 10. These patterns are
shown in Fig. 1. Note that the patterns of Fig. 1 can be grouped into three classes. In the
first class, for example, patterns A2, A3, and A4 can be realized from pattern A1, by
respectively rotating it clockwise through 90° ' 180° , and 270° . Similar rotation
characteristic is also seen in the next pattern class. Note that only two patterns exist in the
last class since the patterns are symmetric with respect to their centers. One can be realized
from the other by a rotation of 90°. Consequently, instead of ten, only three patterns (A1, B1,
and C1) are to be considered. On the other hand, with fixed A1, B1, and C1, the rotation of the
input image can also be performed. Clockwise rotation of the input image is equivalent to a
counterclockwise rotation of the to-be-recognized patterns. Ref. 6 describes an optical SS
system that utilizes similar rotation of patterns to skeletonize a binary image Consequently,

the optical system proposed in Ref. 6 can also be used to realize two-dimensional median
filtering.

I11. SIMULATION

fFor illustration purpose, a 64x64 binary image corrupted by "“salt and paper noise" is
considered for median filtering. Fig. 2 shows both the original as well as the corrupted image.
The output of the SS-based system using a one-dimensicnal median fiiter is shown in Fig. 3 for
the case of a 3-pixel windov. One notices that depending on the locations of noise horizontal
and vertical median filters eliminate the same and/or different noise pixels. Again, some of
the noise values cannot be eliminated by either of the two filter directions. However, by
applying two-dimensional median ¥ilters, most of the noises are eliminated, as hown in Fig. 4,
but at the expense of loosing some of the corners of the original input. This is a small price
that had to be paid in extracting the original image. By compering Figs. 4(a) and 4(b), not
much of a difference is noticeable between the performances of the two two-dimensional filters.

1V, CONCLUSION

In this paper, we demonstratc the image enhancement of optical symbolic substitution based
system. Median filtering is realized using SS architecture and it is shown that such an
operation requires an acceptable number of substitution rules and reduced minterms,
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Table I. Truvth table for median filtering.

Row# 3-Pixel Output Row# 5-Pixel Output

window  pixel window  pixel
ABC DEFGH
1 000 0 1 00111 1 X 1 1 1
2 001 0 2 01011 1 1 %1 1X X 1% 1 X X1
3 010 0 3 01101 1 1 1 X 1
4 100 0 4 01110 1
5 011 1 5 01111 1 Al A2 A3 A
6 101 1 6 10011 1
7 110 1 7 10101 1 X 1 1 X
8 11 1 8 10110 1 11X 11X X 11 X 11
9 10111 1 1 X X 1
10 11001 1
1" 11010 1 B1 B2 83 B4
12 11011 1
13 11100 1 X 1
14 11101 1 111 X 1X
15 11110 1 X 1
1% 111114 1
17 00000 0 ¢ c2
18 00001 0
. . . Fig. 1 Rcduced minterms for the cross-
: : : shaped window.
32 01100 0
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Fig. 2 1Images of (a) original input; and (b) corrupted input.
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Fig. 3 Median filtering output using a 3-pixel window:
(a) horizontal; and (b) vertical,
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Fig. 4 Outputs of two-dimensional median filtering
using: (a) two one-dimensional windows; and
{b) a two-dimensional cross-shaped wincow.
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PARALLEL AODITION AND SUBTRACTION IN ONE COMPUTING CYCLE USING
OPTICAL SYMBOLIC 3UBSTITUTION

G. Pedrini, R. Thalmann, and K. J. Weible
Institute of Microtechnology, University of Neuchatel
CH-2000 Neuchétel, Switzerland

The mass parallelism offered by optical interconnection networks is exploxted in the construction of opueal
parallcl processors. Optical symbolic substitution is one form of parallzl processing, whicn uses only space-mvanant
interconnections. It performs the search and replace for a set of specified spatial patteras in parallel upor: an entire
input matrix.1 Symbolic substitution systems are being proposed for application in areas such as image processing
or digital arithmetics, where it is desired to have a large data base operated on in parallel.

Diffsrent approaches for the realization of arithmetic processors using optical symbollc substitution have been
proposed In the 1mplementauon of a binary half adder four substitution rules are required.! Because of carry propa-
gation, it requires n+1 computing cycles for the addition of two n-bit words. These cyclic iterations are time consu-
ming and defeat the purpose of a parallel system. Other forms of number representation in the data encoding can be
used to limit the number of cycles involved in the arithmetic operauon Using Modified Signed Digit (MSD) data
encoding, the complete process can be carried out in three computing cycles, mdegendcm of the word length. Each of
the cycles uses nine simple substitution rules involving a pair of ternary digits.2-

In this paper, we present a simple technique for performing binary addition and subtraction in parallel, that is
completed using only one computing cycle. The result is presented in MSD ternary form, which in our system could
be reconverted, in parallel, to binary representation. The processor is based on the symbolic recognition of eight 2x2
binary symbols and the subsequent superposition of the results, Although, in our system we convert from binary
input to MSD output, no ternary logic states are used throughout the process. In this paper, an optical implementa-
tion is described and experimental results are reported,

Restricted MSD addition

The MSD number representation is similar to the binary representation, except that a third da a value besides 0
and 1 is available, that is -1 (written as 1). The numbers are represented in the form:

a=Ya,2" where a, = (1, 0, or 1).

As a consequence of MSD representation, each number has several possible representations. In Ref. 2, the rules for
the addition of two MSD numbers using symbolic substitution are given. Due to the three possible states of each
digit, nine substitution rules must be applied to cach pair of digits being added. The addition process is complete after
three such computing cycles.

If the input words are restricted to binary representauon, the first cycle is reduced to the four rules shown in Fig.1 a).
In the result or the first cycle, we find only 0's and 1's in the lower digit and 0 and 1's in the upper (carry) digit.
Therefore, for the second cycle, again only four rules are necessary. They all result with a 0 in the upper digit (Fig.1
a) and the addition is thus completed. Due to the fact, that this type of addition requires only two processing cycles,
each digit in the result depends upon only two digit positions within the input words. It is therefore possible to
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perform the addition in one processing cycle, if 2x2 bit blocks are directly substituted. The resulting 16 rules are
shown in Fig.1 b), where 6 of them result ina 1, 2 result in a 1, and the remaining 8 result in a 0. The use of the 8
rules for 1 and 1 is sufficient to decide whether the result is 1, 0, or 1. Note that the right and left border of the two
input words have to be padded by zeros, Q's (see example in Fig.2 a), in order to accommodate for the two border
columns as well,

The «pproach of completing the arithmetic operation in only one cycle, by the use of recognition rules jnvolving
more than ore digit of the input words, has been proposed in Ref.4 for conventional MSD addition. In that case, 729
rules of 2x3 ternary blocks must be recognized and substituted. By logical minimization 4, the final number of
patterns to be recognized can be reduced to 50, still impractical to be optically implemented in parallel.

Augend  01101001Y0 (211), Minuend 0011000000  ( 96)y,,
Addend  001001Q0N0 (+73)y Subtrahend 1001010101  (-213)4,,
Result 1001071100 (284 Result 710017171 (-117)

dec |a) dec | b)

Fig.2. Examples of 8-bit MSD additicn and subtraction with binary input data.

Subtraction

1t is also possible, using the above computing scheme, to pe-form subtraction in paralle). The subtraction may be
implemented by inverting the number to be subtracted, the subtrahend, and executing the same recognition rules as
used for addition. The negation of a number is achieved by inverting ali bit values (including the padded zeros, Q's ).
Thus the padded zeros, 0, are transformed into padded ones, 1's, sce Fig.2 b).

If the input data are polarization coded (see below), the inversion process (1's becoming 0's and vice-versa) may be
implemented by using an appropriately oriented half-wave plate placed just behind the numbers to be negated. Ideally,
the negation would be produced by an addressable spatial light modulator sandwiched with the input SLM. With such
a system, the operation to be performed, i.c. addition or subtraction, becomes user selectable. Since the subtraction
operation uses the same recognition rules as the addition, both operations may be performed in parallel upon a dataset
within the same computing cycle. Thus, additions and subtractions may be performed in parallel and at the same
time.

Optical implementation using symbolic substitution

The arrangement of the cptical processor is shown schematically in Figure 3, The binary input data are coded on a
spatial light modulator. The eight substitution rules are carricd out using a multiple channel symbolic recognition
unit, The NOR gate array restores the binary values after the recognition and yields a bright pixel at places where the
search symbols have been recognized. Of course, a large number of word pairs may be entered in parallel if the words

8 Substitution NOR Gate
input Data Rules Array

—
—!

o1 1 FEd
AEEERRER S~
1 (1
w0 Wa Ul ooz
(1) ]
-0 S V]
PEBERE AR
1 11 Il 1
Symbolic Recognition Unit Masking Recombination
using Polarization Coding using HOE

Fig.3. Schematic arrangement of the optical arithmetic processor.
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are horizontally separated by the padded zeros. A mask is placed after the NOR gate array to block all out the relevant
pixels of the symbolic recognition. The final stace consists of the recombination of the ei “t substitution rv'es, with
the six patterns corresponding to a 1-recognit:on rorming the lower row of the resulting word, and the two 1-patterns,
forming the upper row. The three digit states of the ternary output word are thus encoded by two binary bits, dark/
dark for 0, dark/bright for 1 and bright/dark for 1. The combination bright/bright 3, not & posible result.

Our experimental optical setup is sketched in Fig. 4. The recognition of the search symb:.s 1s performed in a 4f
Fourier system using diffraction gratings and spatial filtering. 5 A detailed description of this setup can be found in
the reference. The first 2-D grating splits the input pattern into four copics corresponding to the four pixels of the
2x2 symbols, the second grating produces the eight channeis corresponding to the eight recognition rules. The input
data are coded in two polarization states, 6 generatd by a transmission liquid crystal display. It is desirable to encode
the data using the polarizaiion state of the propagating il :mination for a couplc of reasons. First, polarization enco-
ding permits the recognition of both 1's ana 0's and thus avoids dual-rail encoding necessary when using intensity.
Second, the negation of an input binary word is easily obtained, using a half-wave plate, for the implementation of
subtraction as described above.

Input Dittraction Spatial
Daa 3¢ .J’ngs Filter Poladizer LCLV
i

Laser

=

| oo oA |

Polarizer Output
Mask Data

Symbolic Recognition Unit

Fig.4. Opiical setup of the symbolic svostitution processor for parallel binary MSD addition and subtraction.

In the Fourier plane, the polarization states of soine of the multiple copies of the input pattern (which appear as
diffraction orders of the two gratings) are rotated by 90° according to the search symbols to be recognized in the diffe-
rent channels, 3 This is achicved by a half-wave plate, rotated at 45° with respect to the input polarizations, with
holes in the plate passing the diffraction orders which do not need to change their polarization states (Fig. 5). The
output of the 4f system is projected onto a liquid crystal light valve (LCLV) operating with a NOR gate input/output
characteristic. The LCLV is read out with a plane polarized wave impinging from the upposite side of the device
(Fig.4). The masking is carried out in an intermediate image plane after a telescopic imaging system. The final
recombination of the different channels to form the resulting outpur vectors is performed by a holographic optical
element (HOE) placed after the masking element. The HOE is composed of eight facets (holographic lenses), each of
which produces an image of its corresponding channel appropriately shifted to achieve the superposition described
above. The above superposition could also have been realized using prism elements instead of a HOE.

Fig.5. Half~wave plate placed in the Fourier
plane of the symbolic recognition
precessor, which performs the filter
function to realize the eight 2x2 bit
rules.

-\ /2 plate

Diffraction halo of the
- .
input data patter

Filter {or the sub-
stitution rute: {gTo
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Experimental results

The above described optical processor has been experimentally realized and tested. Figure 6 displays the results of
both, the addition and subtraction of the examples presented in Fig, 2. In Fig. 6 a), the input data, which are polari-
zation encoded by a transmission LCD, are displayed. The upper two rows correspond to the addition, while the lower
rows correspond to the subtraction. The dark pixels in the padded pixel positions (first and last) for the bottom
nur .ber indicate it as the negated valne. Figure 6 b) shows the results at the system cutput after the holographic
beam combiner. The photos are taken from a TV monitor used to observe the output data.

Fig.6. Experimental result of the addition and
subtraction cf the examples in Fig.2.

Discussion

A reduction of the space bandwidth product (SBWP) is the price which is paid for performing the digital addition
and suttraction in only one computing cycle. The processor must carry out several operations at the same time, i.e.
it contains multiple parallel channels. The generally precious space on the NOR gate array must be divided among
the eight channels. Figure 5 illustrates the 36 channcels (4 of which are not used) of the Fourier system, which must
all be separaced in the spatial frequency plane. Theoretically, the useful SBWP is 1/36 of the SBWP of the Fourier
system, practically some safety factors need to be respected in order to avoid cross talk. Numerical example: In our
setup, we uscd £ = 38 cm, f/5 Fourier lenses. In such a system, approximately 5.10? bits could be processed, which
corresponds to about 3000 8-bit additions in parallel.

The most serious problem of the proposed processor is the fact that it is not a cascadable system. The input must
be binary and the output is terary. It can however be shown, that the ternary result never contains two or more suc-
ceeding 1 digits, Therefore, the conversion to binary representation can be accomplished by converting all groups of
the form 1[0..0]1 to the form 0[1..1]1, where the brackets [..] contain an arbitrary number of {'s or 1's, respectively.
After the transformation, the negative data will be represented in Two's Complement Binary form (TCB). One possi-
tle method of impiementation in parallel is using a multi-channel symbolic substitution system. It is recognized by
the authors, however, that this transformation technique is not very practical and a more elegant optical method to
solve this problem is being sought. The symbolic substitution processor presented in this paper, although faced with
the above limitetion, would, of course, be well suited to prelude another system which accepts ternary input data.

The authors would like to thank R. Dindliker for many fruitful discussions. This work was supported by the
Swiss National Science Foundation,
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Optical Computing Research at MCC
Steve Redfield

Microelectronics and Computer Technology Corporation

MCC has been looking at the use of optics in computing systems as a means to overcome
barriers which are inadequately addressed by electronics. The history, motivation, and suc-
cesses of these efforts is presented.

Introduction

MCC was founded with the charter to seek revolutionary improvements in computer systems;
that is, improvements giving several orders of magnitude more performance or capacity, or
significantly new functionality; the focus being intelligence and parallelism. About four years
ago, MCC began looking at optics with the hope that the difisrent physics of light might be able
to overcome some of the barriers encountered in trying to achieve these goals. The interest
begar when it was decided that the limiting constraint in designing » database machine was
magnetic disk latency. One avenue of attack against this barrier w:.s a search for alternative
mass storage subsyster  Work was next expanded to see if the major inhibitor to massive
parallel systems, the inwicunnection problem, could be successfully attacked by optics. More
recently work has begun on optical neural nets.

Bobcat

In data intensive applications, it turns out that no matter how creative the system architecture,
performance is always was limited by how fast data could be obtained from the disk. After
looking at a number of things including holographic scanning of a stationary optical disk, we
focused in on volume holographic storage in ph‘otorefractive media. This technslogy had been
tried a couple of times in the past, but we thought advances in electro-optic devices might now
make it possible. The one thing it excelled in was our very problem - latency.

A test bed, called Bobcat, was built. There were no surprises. Resolution was good énough for
105 to 106 bits in a material region with 1mm diameter surface spot. The number of recordings
or pages that could be overlaid at different Bragg-angles was order 10 limiting the 3-d aspect of
the material. Read and write speed were very good with 10us for the read and 1ms for the write
with reasonable power levels. Reads were partially destructive so after order thousand or so
reads, a refresh was needed.

Work then began on overcoming the two biggest problems - capacity limits because of the
small number of overlaid pages and stability due to the partially destructive read. Two
significant advances have emerged from the effort, One is a novel non-destructive readout
technique, based on a combination of applied electric field and the use of polarized light. It
effects a highly asymmetric write/read cycle in photorefractive materials. The other is an
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invention, called crystailytes, cornprising a replacement for bulk photorefractive crystals. It
permits much larger volumes for recording, selective control over regions in the volume, and the
use of better non-linear materials.

The non destructive readout technique is a procedure for obtaining extended holographic
readout in SBN. Tne procedure, in its optimum form, involves first recording at a spatial
frequency of around 200 lines/mm for a particular length of time with a high applied electric field,
around 6 Kv/cm, and ordinary polarized beams. The reconstruction is then done with the
applied electric field reduced to around 1 Kv/cm and the polarization of the reconstruction beam
rotated 90°. The reconstructed beam first drops in intensity, but subsequently grows in strength
above the starting value, approaching 100% efficiency in some cases. The reconstruction is
almost nondestructive with erasure times exceeding 3 hours of continuous readout. This
equates to over 1 billion 10 us readouts with signal-to-noise ratios exceeding 20 dB due to the
high efficiency.

This work was presented at the 1988 Optical Computing Conference in Toulon, France and has
been described in a paper entitled “Enhanced Nondestructive Holographic Readout in SBN" by
Steve Redfield of MCC and Lambertus Hesselink of Stanford University, in the October issue of
Optics Letters.

The underlying crystallyte concept is to use a composite array of small, isolated photorefractive
recording volumes in place of a bulk crystal of that material. These crystallytes are assembled
in a matrix to synthesize a larger volume and may be touching or physically separated. Isolation

may be achieved by refractive index differences, coatings on the sides, or the interposition of a
substrate material.

The guiding of the light in fibers provides higher energy densities than are possible for
free-space bulk material propagation. In holographic recording applications, longer interaction
lengths give increased angular sensitivity and more dynamic range. These advantages are in
addition to the ability to synthesize a much larger imaging cross-sectional area than is currently
attainable using tulk materials.

Results of recording experiments suggest that an array of fibers might favorably replace bulk
materials for certain computer and signal processing appiications. This work was presented at
the 1988 Optical Computing Conference in Toulon France and has been described in a paper
entitled “Photorefractive Holographic Recording in SBN Fibers” by Steve Redfield of MCC and
Lambertus Hesselink of Stanford University, in the October issue of Optics Letters.

Ox
In attempting to configure massively parallel processing systems, say order one thousand
independent processing elements, the biggest hardware challenge is the interconnection of the

processing elements. It was desired that these systems be extensible, that is, software which
run on a system configured out of, say, ten nodes would also run on a system with one
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thousand nodes, but appropriately faster. The ideal interconnect topology for doing this is a
crossbar. The interconnect problem divides into two parts, wiring and arbitration. Optics is
being looked at to address both of these problems in an effort called OX for Optical Crossbar.

Past approaches to optical crossbar design incorporate beam spreading/masking through the
use of a SLM. These approaches have had problems with power dilution and the severe
switching speed and contrast ratio requirements they make on the SLM. MCC has instead
turned to a beam steering approach. A whole spectrum of configurations have been invented.
The generic approach investigated is directed point-to-point free space connections using
distributed arbitration logic with multiple access channel protocols.

These approaches use various deflectors (initially acousto-optic) in place of a masking device.
A processor points its light beam via a beam deflector to the memory it wants to talk to. It
appears that submillimeter size deflectors with nanosecond deflection times and 1000 resoivable
spots are possible and will soon ke wvailable. It costs roughly 1 ns of deflection time per

resolvable spot plus some overhead. A 2-d approach has been invented to allow deflection
times on the order of 50ns for 1000 spots.

Any large-scale switch has its latency and throughput determined to a large extent by choice of
protocols. Given a fixed latency budget, this often limits switch size before connectivity. To
address this problem, distributed arbitration protocols, exploiting optical properties, were

developed for the beam steering designs. In these designs each receiver does its own
arbitration.

We ara currently building a prototype of such a crossbar which is single sided. We expect this
switch to be a liberator for parallel processing designs, allowing much larger numbers of
processors to cooperate in the solution of non-localized problems (so-called “high flux”
problems with significant communications loads). This work was presented at the 1988 Optical
Computing Conference in Toulon France and has been described in a non proprietary MCC
Technical Report entitled, “Ox-Design Sketches for Optical Crossbar Switches Intended for
Large-Scale Parallel Processing Applications” by Al Hartmann zid Steve Redfield of MCC, and
also submitted to Optical Engineering.

Oowl

One can make a rough partitioning of computer architecture into /O, interconnect, and
processing. In this last area, one of the directions in which work has been headed is what we
call planar processing. Simply speaking, this is processing where the unit of information
manipulated is not a string of bits or a word, but instead a 2-d plane of bits. We see a neural
net as an instance of a planar processor. One of the major difficulties in implementing a large
neural net is accommodating the weighted interconnects. To get experience in using optics to
address this problem, we are constructing an electro-optic neural net. The effort is named Owl
for Optical Weighted Logic. Initial plans were to follow a lot of the work which has been recently
published using photorefractive materials to store the weighted interconnect matrix. We quickly
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started to make some changes however. We wanted to use the Mean Field Theory learning
algorithm which had been developed at MCC. This algorithm, which requires hidden units and
multiple settling passes, naturally leads to changes. Also, based on our experiences with
photorefractive recording in Bobcat, we had concerns about how many recordings or
interconnect gratings could be recorded over the top of each other. A new approach, called
direct projection, is being used for storing the links in the crystal. It has been simulated for a
large network and found to work satisfactorily. In this optical neural network the input and
output neurons are N2 planes of pixels and the connection matrix is distributed spatially through
the volume. This architecture is fundamentally different from that of other recent approaches
since we use spatial rather than angular multiplexing of interconnections. We have discovered
a way to correct for rescattering effects which might pose a problem by modifying the learning
algorithm. We have confirmed by simulation that the changes can compensate for the crystal

dynamics, beam depletion, and grating mutual rescattering. Construction of a working system
is underway.

This novel optical neural network architecture using our photorefractive technology based on
spatial rather than the more commonly used angular multiplexing of the interconnect gratings
was presented at the 1988 Optical Computing Conference in Toulon France and has been
described in a non proprietary MCC Technical Report entitled “Adaptive Learning with Hidden
Units Using a Single Photorefractive Crystal” by Carsten Peterson and Steve Redfield of MCC.

Octopus

Recently, MCC has undertaken a study for DARPA on the injection of optics into existing or near
future parallel processing systems. When DARPA proposed this study. individuals from the
optical community suggested that MCC with its systems perspective might be ideal to lead it.
We initially had some concerns about the potential for success, but eventually formulated a
proposal which was promising. It was awarded to MCC and we have just started the work which
we call Octopus, for Optical Component Technology for Parallel Computer Systems. The
proposal divides the uses of optics into four categories: plug compatible where the optics is
directly inserted into the system, interface modifying where the optics requires an interface
change, system modifying where the optics requires a system organization change, and
computational paradigm modifying where the optics utilizes to a new execution model.

The study will consist of three phases. Activities in each phase can be broadly categorized as
(a) measurement/modeling, (b) opto-electronic technology application, and (c)
architecture/systems design. The first phase will focus on plug compatitic and interface
modifying solutions, the second phase on system modifying changes and tnhe third on new
computational paradigms.

Conclusion

The emphasis at MCC in its optics work has been optics in computing, not optical computing.
We seek new capabilities, tools, if you like, for our architects tool kit with which to build the
computer systems of the future. We have strong hope for success.
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Modified Brewster Telescopes

Adolf W. Lohmann, Wilhelm Stork
University of Erlangen, Physics
8520 Erlangen, Fed. Rep. of Germany

The telescope of Brewster (1781-1868) experiences today a
renaissance. It is wused for semiconductor lasers in order to
change the beam shape from elliptical to nearly circular. It is
also used for the temporal compression of laser pulses. In our
application the Brewster telescope served to convert a square-
shaped beam into a rectangular beam with an aspect ratio of 2:1.
Such an anamorphotic process is needed in the context of perfect
shuffling, which is an important link in many optical communica-
tion networks.

The particular version of the perfect shuffle, for which these
modified Brewster telescopes are intended, requires two types of
anamorphic changes of format /1/. The macro type will squeeze a
quadratic array of pixels into an rectangular array, or vice
versa. This change of format is needed if a 1D perfect shuffle is
applied upon a 2D array.

The micro type consists of an array of micro Brewster telescopes,
one for every data channel. A data channel may consist of a
single pixel, or for example of 2x2 pixels, or more. In any case,
the job of the array of micro Brewster telescopes is to squeeze
every data channel by 2:1 such that there will be enough space to
interlace another set of data channels among the array of
squeezed channels. When operated in reverse, the Brewster arrays

will blow up every data channel by 2:1 such that former gaps
between channels are filled in.
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For illustration we show in figure 1 two Brewster telescopes,
with twe or four prisms. Below it is indicated how the Brewster
system fits as "afocal system" intoc an image forming setup.

Brewster telescopes will be more compact if the oxdinary prisms
are replaced by Amici prisms (fig. 2). Amici prisms are more
costly since they consist of two or three kinds of glasses. A
cheaper modification of the Brewster telescope emerges, if the
concept of a Wadsworth prism is combined with it. It achieved
straight view with only two prisms, and it is laterally moxe
compact than the original design of Brewster.

References:
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BREWSTER-WADSWORTH TELESCOPE

\

Figure 1
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BREWSTER-AMICI TELESCOPE

BREWSTER TELESCOPES

Figure 2
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Optical Implementations of Interconnection Networks for
Massively Parallel Architectures

Julian Bristow, Aloke Guha, Charles Sullivan, Anis Husain
Honeywell Sensors and Signal Processing Laboratory

Introduction: the I/O bottleneck
As semiconductor and electronic technologies approach fundamental physical limits in scaling and performance, the
trend in high-performance computer design is to use large-scale to massively parallel architectures {1, 2, 3]. While
the technology to design high-speed processing elements (PEs) has progressed significantly, the progress on
designing high-performance interconnection network has not been adequate. Unfortunately, the bottleneck in
performance of massively parallel architectures is typically the limited bandwidth of current interconnection
networks, This is because while PEs can be densely packed on a printed wire board (PWB), there is never enough
space on the board to provide all interconnection channels required for inter-PE communication at the maximum
possible bandwidth, As a result, each PE is usually destined to communicate serially, often sharing communication
channels with other PEs (e.g., 16 PEs in the Connection Machine share one serial line). This problem is particularly
critical in fine-grained architectures where the processing time in relatively simple PEs is comparable to the
communication overhead between PEs.

10

The board I/O requircment of
interconnection networks as a
function of scaling has been studied
by the authors [6). Figure 1 shows
liow the total number of I/O channels
required by three interconnection
topologies, the crossbar, the
hypercube and the shuffle-exchange
networks, scales with the total
number of PEs in the acchitecture. It
is assumed that a packet switching or
message passing network is used [1,
2], with messages sent in parallel. 24 - T v T
We have also assumed that the 0 2000 4000
switches of the interconnection Total number of PEs

networks are implemented Figure 1. Board I/O versus number of PEs (message width =64
electronically, bits, number of boards =16, assumed board size: 15" x 18".)
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Figure 1 also shows the I/O levels that could be supported by some high-density, board-level interconnect media
based on current possible packing densities. These include state-of-the-art button boards [4], optical fibers, and
polymer waveguides. Not surprisingly, large crossbars are infeasible. Of more significance is the fact that as the
architecture scales up to 8K PEs, electronic button boards are grossly inadequate. Because of their much higher
packing densities and bandwidth, optical interconnects hold much greater promise. Optics offers the possibility of
alleviating the bottleneck associated with the interconnection: in a parallel system in which the processing is
performed electronically. While a fully parallel message transfer may not be possible in an optical hypercube
connection for 8K PEs (Figure 1), an optical perfect shuffle connection of the same size could be supported by
polymer waveguides. Our estimates indicate that when a single-stage shuffle-exchange network is used, button
boards can support a network for only 400 PEs, optical fibers can support 3,000 PEs, and waveguides can support
about 17,000 PEs.

The single-stage shuffle echange network makes efficient use of available interconnections when combined with the
appropriate electronic processing. To cnable a meaningful comparison to be made between the various
implementations of the optical perfect shuffle, we consider a system consisting of a total of 1024 PEs on sixteen
boards. For all boards except the first and last, all PEs communicate with PEs on other boards. In the worst case,
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the communication is across eight boards. Parallel data transfer is considered, with 64 bits and therefore twice this
number of unidireciional channels being associated with cach PE. We assume that the boards of the system are
separated by 2cm, and that to acheive the maximum possible density of interconnections, sources are used which
emit light in a single spatial mode.

issues of concemn in developing a practical system are reliability, bit error rate (which is affected by optical loss and
crosstalk in the system) and the ease of mechanical assembly in situations where boards must be removed and re-
inserted. These issues must be addressed whatever ointerconnection implemeitation is used.

Free-Space Network Implementations

Several implementations of the connectivity using free-space optics are possible. These include bulk and micro-
optics, and holograms. [S] Holograms can be fabricated which serve the dual purpose of collimation and re-
direction [7]. Ignoring aberrations present in real systems, the upper limit to interconnection density is determined
by the diffraction limited spot-size.

One possible implementation consists of focussing all the sources from one board with high numerical aperture
lenses, performing directional routing with a computer generated hologram. The highest density would be provided
by arranging the sources in a square pattern. The signals would pass through transparent areas on each successive
board until reaching a photodetector on the destination board a, illustrated in figure 2(a). The highest required
density is determined by the number of channels required in the viciniiy of the two center boards, the number being
one half of the total number of unidirectional channels, or 32K. This represents a square 181 x 181 channels.
Assuming that the collimating lens has a numerical aperture of 0.5 and is given the same allocation of area as the
detector array, consideration of data transfer across eight boards, indicates that the space occupied weuld be 1cm x
1cm Thus each channel is allocated an area 50um x S0um. In fact, the space allocated for each detector would be
greater than this, since electrical connections must be made to the processing electronics. Using a multiple layer
packaging technology, with a width of 25um, and ten layers would increase the area to be allocated to 4cm x 4cm.
Assuming that the lateral deflection of the signal is 2cm in the worst case, it can be shown that the source
wavelength must be maintained to within approximately 1nm. In addition, each of the 64K sources for the system
must be fabricated with a wavelength within 1nm of the design wavelength, Each board must be aligned laterally to
within 25um, with tolerances an order of magnitude tighter for the hologram alignment. An alternative
implementation could use rclay lenses between boards to reduce the diffraction limited spot size and relax some
alignment tolerances The constraints on source wavelength however are unchanged.

Guided Wave Network Implementations

Fiber optics offers a relatively mature technology for interconnection. However, the diameter of fibers developed
for telecommuniction systems renders them incompatible with the density required for board-edge connection, for
which the technology is most developed. While special fibers could be developed, it would still not be possible for
channels associated with different paths to occupy the same space. Thus the implementation would be bulky, in
addition to being labour-intensive, and would scale poorly with increasing system complexity.

Polyimide waveguides fabricated on either rigid or flexible substrates [8] may be used to implement the required
connectivity. This two-dimensional format dictates that the system consist of a set of boards interconnected using a
backplane. The required planar packaging is compatible with cstablished electronic manufacturing techniques and
established device technology. The required routing may be performed on the boards, backplanes, or a combination
of the two. Important parameters in the system are loss and crosstalk, which depend on the loss of the waveguides
and components, and on the crosstalk of the waveguide crossovers. In this system, the worst number of crossovers
sustained by a waveguide on the backplane is approximately half the number of channels in the complete system,
An illustration of the system is shown in figure 2(b).

Preliminary results for the medium have already been presented [8] with propagation losses of 0.3dB/cm, losses of
0.4dB for right angle bends, and less than 0.0055dB for a right angle crossover. While these results suggest that the
number of PEs which can be supported in a single-layer implementation is only 30, drastic improvements are to be
expected from the use of several layers of polyimide in the backplane, or several independent flexible circuits. For
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example, the use a number of layers less thun the number of boards would eliminate crossovers, while optimization
enables the number of layers to be reduced while still maintaining adequate optical performance. Another option,
typically used in routing and layout of VLSI circuits and circuit boards, in reducing the total number of crossovers
in the backplane would be in physically rearranging the 2E layout in the board, This is quite feasible for the boards
in the middle of the rack.

Source Arnray

Board-to
Backplane
Optical Powsr  Connector
s

i 1 { Dxtoctor W Ter
! i e oy s
; 1t 1 System H Muttiple
: ; R | Boards Backplane
‘ 1 1 Modular Boards
' Atray
(a) (b) B ersos

Figure 2. (a) Free-space and (b) guided wave interconnections for parallel, multi-board systems.

Practical multi-board systems require will require board-to-backplane connectors. Whiie contacting connectors are
feasible, giving alignment tolerances of the order of the waveguide dimensions, a mcre practical solution is found in
the use of gradient index lenses. Properties of commercially available lenses indicate that one lens could be used
with 128 channels with less than -40dB crosstalk. In a connector based on such a lens, angular alignments of a few
milliradians are required. The waveguides in the source and image planes must be accurately located, while
tolerances of tens of microns are permitted for location of the planes with respect to the lens. At the joint at which
the boards would be demounted (at the right-angle prism), the tolerances are approximately lmm. making the
technique suitable for systems consisting of demountable boards. Multilayer polyimide technology would reduce
the number required of connectors required tc less than ten. The required width of the backplane would be 30cm.

Optoelectronic Interfaces

Independent of the choice of interconnection medium, optical power must be provided for each channel. Choices
are LEDs and lasers. In both cases, one may have one channel associated with each source, or divide a given source
between a number of channels. LEDs typically have large spatial extent, and are therefore incompatible with the
aims of maximising the interconnect density. Lasers offer higher output powers and smaller spatial extent of the
source. Consideration of the reliability of typical lasers at room temperature indicates that on average one of the
65536 sources would fail after six hours, if the system were operating at 50°C. Since failure of one channel is
potentially as serious as failure of a much larger namber, the system would be greatly improved by the use of a
smaller number of lasers in controlled, remote environments feeding an array of external modulators. Redundancy
of two would extend the mean time to first failure to 2.5 years. Operation of the lasers in a remote, environment at
lower temperature would realize further improvements. The allowable fan-out will be determined by the
performance of available receivers and the loss of the interconnection network.
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To be immune to variations in operating environment, the modulators would be based on the electrooptic effect.

Polarization based waveguide modulators with integral polarization filters offer the possibility of ease of
fabrication, compatibility with standard planar processes, normally-off operation, high extinction ratios and low
d..¢ voltages. Logic compatible devices with multi GHz response have been reported in the literature.

Critical to the demonstration of a high-density interconnection medium is the development of high-density receiver
arrays with low power dissipation compatible with standard packaging techniques.

Conclusions

The connectivity requirements of a massively parallel architecture have been examined. Optics enables a critical
interconnection network bottleneck to be overcome. Free-space interconnects have potentially high interconection
densities, but suffer from stringent source parameter requirements. A system consisting of several layers of
polymer waveguides with micro-optical board to backplane connectors offers performance suitable for 1024
processors connected with a single-stage shuffle exchange network. For all parallel interconnection networks,
electrooptic modulators in combination with extemal lasers appear to be the most attractive choice.

This research was supported by the Air Force Office of Scientific Research and the Advanced Research Projects
Agency of the Department of Defense under Contract No. F49620-86-C-0082., and by the Defense Sciences Office
at the Defense Advanced Research Projects Agency under contract number N66001-87-C-0205.
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Implementation of Dynamic Holographic Interconnects

with Variable Weights in Photorefractive Crystals

A. Marrakchi and J. S. Patel
Bellcore

331 Newman Springs Road, Red Bank, NJ 07701-7020

Elementary holographic gratings can be used to implement interconnection links betweeen individual pro-
cessing elements of two distinct planes in a multi-layered optical neural network. In such networks, one
issue that has a direct impact on the development of learning machines is the capability of continuously
modifying a given interconnection strength (or weight) without affecting the others, when the gratings
share the same volume in the photorefractive crystal (ie. frequency-multiplexed gratings). In the follow-
ing, we extend the principle of coherent erasure by the double-exposure technique to the case of elemen-
tary gratings that implement real-time optical interconnections in photorefractive materials. The effect of
continuously varying the phase shift between the two recorded gratings on the diffraction efficiency is
quantified, and shown to be applicable to the simulation of synapses with programmable variable weights,
as would be required in a learning neural network. Issues that relate to fan-in and fan-out capabilities,
which ultimately determine the achievable level of paralielism and cascadability in suck processing archi-
tecgure', are also addressed. An experimental interconnection system based on two-dimensional liquid
crystal phase and amplitude modulators and photorefractive recording is described. Finally, an extension

of the double-exposure technique to time-average erasure is then discussed.
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The proposed holographic interconnect system is shown in Fig. 1. The purpose is to connect a matrix
of sources in plane Pyy with a matrix of detectors in plane Poyr, with fan-in and fan-out capability. In
order to write the respective gratings that will form the optical links, matrices of mutually coherent con-
trol sources are needed in the planes Pg; and Pg,. All the beams from Pg; represent the "object” wave
in the traditional sense of holography, and each beam from Pg, represents the “reference” wave. Hence,
in this coherent system, each interconncction set, defined by a specific configuration of Pg; and one
reference beam from Pg,, has to be recorded separately from all the others in order to generate multiple

optical links without appreciable crosstalk.

The double-exposure echnique is a two-stage process in which a phase shift is induced on one of the
control beams between recordings. The conventional ways of inducing this phase shift are either to elec-
trooptically phase modulate the beam, or reflect it off a piezoelectrically driven mirror. In some of our
experiments, we use a mirror mounted on a stack of piezoelectric cetamics, and in others a liquid crystal
phase modulator. In the scheme proposed in Fig. 1, a matrix of such modulators would be placed in the
control plane Pgy. In the "reference” arm Pc,, a matrix of amplitude modulators, such as ferroelectric
liquid crystal gates, is used to control each set of interconnections. The recording medium is a single crys-
tal of photorefractive bismuth silicon oxide (Bi;3Si04, or BSO). Holographic gratings are formed in
the bulk of this material by interfering optical beams originating from an argon laser operated at a
wavelength of 514 nm. To monitor the space-charge formation in the crystal, the composite grating is
read out in real-time with a He-Ne laser incident at the Bragg angle, although for phase-matching over 2

wider spatial bandwidth it would be preferable to use the same wavelengih as for writing.

The expected cosz((D) behavior of the diffracted intensity is illustrated in Fig 2. Here, the normal-
ized diffraction efficiency after erasure is plotted as a function of the phase shift between the two gratings.

A variable and controllable interconnection strength is thus possible with this techniyue.
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In a practical interconnection scheme, many gratings will share the same volume in the photorefrac-
tive crystal. In one experiment illustrating fan-out, two gratings with an angular separation of 4 mrad are
recorded in the BSO crystal. Since the Bragg selectivity for the He-Ne beam is not critical with this small
angular separation, two waves are diffracted. During recording, one of the writing beams is phase shifted
while the efficiency is continuously monitored. The result in Fig. 3 shows oscilloscope traces of the dif-
fracted intensity in each beam and the relative phase shift. In this particular experiment, erasure of one

grating does not affect the other as would be necessary for a dynamically programmable system.

The proposed technique of coherent erasure has a response time that is practically independent of the
phase between the two recorded gratings. Nevertheless, this system requires synchronization in order to
stop the recording of the second grating when the efficiency reaches its minimum. To alleviate this prob-
lem, we extended the double-exposure technique to the case of time-average exposure. In such a confi-

guration, the diffraction efficiency is a function of the average phase, and is stationary as long as there are

no phase variations,

In summary, ii is shown that the double-exposure technique with a variable phase shift between the
two recorded gratings yields a continuously graded interconnection strength between two spatially
separated planes. The non-linear relationship between the weight of this optical link and the phase shift
is described by a cos®(P) function, as experimentally verified. When several holographic gratings are
recorded to simulate fan-in and fan-out, it is possible to modify one interconnection weight without signi-
ficantly affecting the others. Combined with the large storage capacity available with holographic record-
ing, this double-exposure technique could be suitable for the optical implementation of learning neural

networks with continuously variable weights. Extension to time-average holographic erasure simplifies

the proposed interconnection system.
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Fig. 1  Schematic of a holographic interconnect system.
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Fig. 2 Normalized diffraction efficiency as a function of the phase shift in units of degrees between the
two gratings recorded with a double-exposurs technique.

Fig. 3  Oscilloscope traces of the diffracted intensity in a fan-out situation and of the phase shift of one
of the writing beams.

127



TuB2-1

Energy Efficiency of Optical Interconnection Using Photorefractive Dynamic Holograms

Arthur Chiou and Pochi Yeh
Rockwell International Science Center
1049 Camino Dos Rios
Thousand Oaks, CA 91360

SUMMARY

Reconfigurable optical interconnection [1] linking laser arrays and detector arrays
plays a key rele in optical computing, A generalized crossbar switch [2] allowing
arbitrary interconnection, including many-to-one and one-to-many (broadcasting), is the
most desirable type of interconnection network for paralle! processing. Such a switch
can be implemented using optical matrix-vector inner product architecture [3] where a
spatial light modulator (SLM) can be used as a binary matrix mask for configuring the
interconnection pattern. For one-to-one interconnection (permrtation) of a linear array
of N-sources to a linear array of N-detectors (i.e., a normal crossbar), the upper limit of
the energy efficiency of such an architecture is 1/N due to its fanout nature. Recently,
we have proposed and demonstrated {4,5] that photcrefractive dynamic holograms can be
incorporated into this architecture to significantly improve the energy efficiency. In this
paper, we report experimental results on the energy efficiency of such a reconfigurable
interconnection using a BaTiO; crystal.

Referring to Fig. I, we consider a scheme of two-wave mixing for the study of
photorefractive energy transfer. An input optical beam (of power P:) is split by a beam
splitter into a pump beam and a signal beam which interact inside a photorefractive
crystal. The crysta! is oriented so that direction of energy transfer due to photorefrac-
tive two-beam coupling is from the pump to the signal beam. Let P_ be the optical
power of the amplified signal beam. The energy efficiency (n) is defined as the ratio of
the optical power of the amplified signal beam to that of the input beam (i.e.,
n= PO/P-). It is a function of the beam splitting ratio R, the photorefractive exponential
gain TL (where I is the exponential gain constant and L is the interaction length), the
beam overlap of the pump and the signal, and all the factors contributing to energy loss
such as Fresnel reflection, absorption, and scattering. For a given photorefractive
crysial, the optimal geometry and beam splitting ratio R that maximize the energy
efficiency can be determined empirically. Using various samples of barium titanate
crystals (of size ~ 5 mm x 5 mm x 5 mm, uncoated), we have achieved a marimum energy
efficiency of 30%. When a neutral density (ND) filter is inserted into the signai arm,
energy efficiency (n) decreases. The dependence of n on the transmittance (T) of the ND
filter is investigated. For T = 0.1%, n as high as 0% can still be achieved.

For optical interconnection applications, the signal beam is expanded through a
binary matrix mask (of dimension NxN) to carry the interconnection pattern. Depending
on the experimental configuration, such a mask can be used to realize a | to NxN
interconnection or a NxN crossbar switch. To achieve maximum energy efficiency, we
need to match the beam profile spatially at the photorefractive crystal. Since both the

.
ntrvenm _— -

signal beam {which carries the interconnection patiern) and the pump beam consist of
array of beamlets of identical shape, Fourrier plane is an ideal place for maximum
overlap. Near perfect overlap at the Fourrier plane is a result of the shift-invariance
property of Fourier transformation. For 1 to NxN interconnection, spherical lenses are
used to Fourrier transform the input spatial patterns of the signal mask and the
"matched" pump mask (see the first row in Table I), For the NxN crossbar switch, we use
astigmatic optics which image along the horizontal direction and Fourrier transform
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Fig. I The definition of energy efficiency of photorefractive dynamic holograms.

along the vertical direction of the input masks. This ensures that the i-th component of
the pump beam array interact only with the part of signal beam that passes through the
i-th column of the interconnection mask The appropriate mask for the pump is shown in
the second row in Table L.

Table I

Comparison of the Configurations for 1 to NxN
Interconnection and NxN Crossbar Switch (for N = 8) sC-Cus )

INTERCONNECTION MASK FOR MASK FOR OPTICS
SCHEME SIGNAL BEAM PUMP BEAM

FOURRIER TRANSFORM

17O NxN (8) LENS
(SPHERICAL)

ASTIGMATIC OPTICS
IMAGING IN X-DIRECTION
& FOURIER TRANSFORM

IN Y-DIRECTION

(a) For the mask shown in the table, 8 out of the 8x8 channels are "on."
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Using a 30°-cut BaTiO; crystal, we have measured the energy efficiency for the two
interconnection schemes described above with N = 4, 8 and 16. The experimental
configuration is shown in Fig. 2. An output beam from an argon laser (514.5 nm) is
collimated by a lens (F.L. = 2m). A variable beam splitter consisting of a half-wave
plate and a polarizing beam splitter cube is used to vary the intensity ratio of the pump
and the signal beams. The polarization of the reflected (signal) beam is rotated by 90°
into the horizontal direction by another half-wave plate. After passing through a
polarizer (to filter out the residual orthogonal polarization component), the signal beam
is expanded to illuminate the interconnection mask. In the other arm, the transmitted
(pump) beam illuminates a "matched" aperture mask (see Table I), Two spherical lenses,
one in each arm, are used to Fourrier transform the two spatial patterns on to the crystal
plane. A spherical lens is used to re-image the spatial pattern carried by the amplified
signal beam on to the d.tector plane where the optical power in each channel is
measured. For the NxN crossbar switch, the beam expander is placed at the upstream of
the variable beam splitter so that both the pump and the signal beams are expanded
through the same beam expander. The spherical lenses are also replaced by appropriate
astig:..atic optics as listed in Table I.

8C-CO3119

ARGOM LASER o
(514.5 nm) >

> F,

My

Fig. 2 Experimental configuration for the determination of energy efficiency of a
photorefractive optical interconnection.

In summary, we have measured the energy efficiency of an | to NxN interconnection
and an NxN crossbar switch using a 30°-cut BaTiO; crystal. The experimental results on
non-uniform energy distribution among different channels, crosstalk, and the dependence
of energy efficiency on N are presented and discussed.
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A Free Space Optical Interconnection Scheme

Alex Dickinson and Michael E. Prise
AT&T Bell Laboratories
Room 4E-514
Crawfords Corner Road
Holmdel, NJ 07733

Summary

Introduction. One of the limiting factors in the design of large scale digital systems is communication [1].
The use of conventional wiring for high speed communication entails high energy dissipation, crosstalk, ground
loops and low interconnect density due to physical size constraints. Miller has shown [2] that optical interconnec-
tions have fundamentally lower energy requirements than electronic communication owing to the closer matching
of impedances over all but the shortest inter-device distances, provided appronziate optoelectronic integration
technology exists.

Free space interconnect technology involves using large arrays of optical beams imaged onto arrays of switching
devices with lenses. These techniques provide a high degree of connectivity without a great deal of system
complexity, and are being used for optical computing applications (3]. Integrated arrays of Self Electro-optic
Effect Devices (SEEDs) have been constructed for this purpose 4],

In this paper we describe devices, circuits and optics for the optical interconnection of electronic subsystems
(chips, wafers or boards). With this approach optical devices are used to provide dense high bandwidth commu-
nication between subsystems, thus alleviating conventional electronic communication problems. We also describe
a particular interconnect architecture in order to illustrate the use of the components in a system context.

Input and Output Ports. An optical link requires a modulated light source (the equivalent of an electronic
output pad on a chip) and an optical detector (the equivalent of an input pad). The output port is connected to
an clectrical signal that serves to modulate the beam. The beam carries the signal to an input port that detects
the optical signal and converts it to an clectrical equivalent. Devices for this application must meet several basic
constraints:

1. The modulator should have an input capacitance of the same order as a typical transistor so that the energy
advantages of the scheme over conventional wiring may be realized.

2. The detector should be capable of efficiently converting optical signals to electrical signals at digital logic
levels. Inefficient detection would result in an energy/speed loss.

3. It should be possible to fabricate both classes of device in integrated arrays in order to achieve high
interconnect density.

The following sections describe output and input devices that meet these criteria, The output pads are based on
GaAs multpile quantum well(MQW) technology and the input pads on silicon technology. Currently this restricts
the pads to fabrication on different substrates, thus restricting the techniques to board-level/multi-chip systems.
The feasibility of fabricating appropraite GaAs devices on a Si substrate has however been demonstrated {5] [6],
and will hopefully lead to integration of optical input and output ports on single chips, thus demonstrating an
important extension of the SEED concept.

Output Ports. The output ports in this scheme are GaAs MQW modulators. These serve to modulate incoming
‘power supply’ beams generated by imaging a laser onto a Dammann [7) grating. To avoid referencing problems
we use pairs of modulators to provide differential communication links. These can be driven in two configurations,
cither (a) by driving each modulator individually with complementary voltages or (b) by connecting the modulators
in series and driving the voltage of the central node.

In cither case if the modulators are illuminated with equal intensity light beams the output from the port (consisting
of the two modulators) will consist of two spots each with a different intensity. Lentine [8] has demonstrated the
second configuration using a single symmetric SEED device. He used a voltage of Vygq = 15V, Thi; rather high
voltage can be reduced significantly by using a reflecting substrate [9]. Using the reflective substrates also makes
the processing casier.

Input Ports. Detection of the optical signals 1s an inherently less complex task than moduiation: a simpic
reverse biased PIN diode acts as an admirable optical detector and may be fabricated in a standard silicon
processes (CMOS, for instance). However in order to maximize the speed of the link and minimize optical energy
requirements it is useful to introduce clectrical gain into the detection process. The circuit shown in Figure 2(a)
serves this purpose. The two spots representing the differentially encoded incoming optical signal are imaged
onto two PIN diodes, Dy ~ D,. These are biased by devices @, and @), in order to produce voltages V1 and V2
related to the amount of optical power incident on each. The differential voltage AV = V) — V» is amplified by
:hc (liifferenlial amplifier (3 — Q7) and the output fed to the inverter (Qs — Qo) for restoration to CMOS digital
evels.
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Figure 2: Differential amplifier based optical detection circuit (a) and a CMOS layout (b) with shaded
regions indicating the photodiodes.

A number of variations of this circuit have been designed and are teing fabricated in a 0.9um CMOS process.

The layout of the circuit shown in Figure 2(b) has been simulated at a rate of 10 bits/sec with an optical incident
power of 20uWW on cach diode.

Optical Systems. One of the simplest interconnections we can implement is between two modules B1 and B2
one with an array of SEED modulators (OP1) as the outputs and another with an array of Silicon photodetectors
(IP1) as the inputs. This is-shown in Figure 3(a).

The necessary optical components are a polarization beam splitter (PB1), an array generator such as a Dammann
grating (D1), a diode laser (LD1), a quarter wave plate LQ1, lenses (L1,L2 and L3) and a mirror M1, The light
emitted from the laser diode is collimated at lens L1 and split into an array of equal beams by the Dammann
grating, The collimated array of beams then passes through the polarization beam splitter PB1 and the waveplate
W1, It is then focussed onto the array of SEED output ports OP1. The reflected signals which are-the outputs are
reflected off the polarization beam splitter (PB1) and reflected off the mirror (M1) and focussed by the lens L3
onto the Silicon input ports IP2. The system can be extended with another identical optical system.

This scheme is the easiest for us to implement since we only require discrete arrays of silicon input ports and
GaAs output ports and will be our first working system. However to obtain a significant advantage over existing
clectronic systems 1t wilt be necessary to more fully integrate the optical input and output ports on one substrate.
This interconnection is unidirectional and point to point. In the diagram to the left of the optical setup we have
illustrated the functionality of the system,

The second system we show in Figure 3(b) describes a more flexible interconnection system that allows for
bidirectional point to point interconnections. This requires that both the optical input and output ports be within
the field of the input lens (L2 for BO). In order to minimize the optical system performance requirements both
input anqdou&gut ports should be located on the same substrate, as is also preferable when electronic system issues
are considered.
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Figure 3: Inter-module, point-to-point, unidirectional and bidirectional interconnections.

This interconnection uses a very similar optical system to that described in [3] with space variant mirrors (RO,
R1 and R2). This time the electronic modules B0, B1 and B2 (which could be boards, wafers or chips) have
closely spaced optical input and output ports. Consider communications between B1 and the adjacent modules
BO and B2. Once again the laser diode LD1 is split by the array generator D1 and used to illuminate the output
ports. We would initially have these ports arranged in a rectangular array as constrained by the Dammann grating
method. The input ports can either be adjacent too, or interspersed with, the output ports. The reflected beams
which contain the output information from the chip are collimated at lens L2, reflected at the beam splitter PB1
and then focussed down onto the reflector array R1. The reflector array can be used to configure the interconnect.
By appropriately patterning the reflector we can reflect or transmit any of the signal we wish. The reflected signals
g0 back through W2, PB1 and W3. They are then focussed down in the plane of reflector array RO. This reflector
array is arranged so it is transparent at the appropriate points. The signals are then collimated by L1 and because
their polarization has been rotated by half a wave, these signals are reflected at PBO and then focussed down onto
the appropriate input ports on BO.

Meanwhile the signals which have been transmitted at R1 are transmitted through PB2 and focussed down in the
plane of R2, The patterned reflectors on R2 are arranged so that they are then reflected back onto PB2 where they
are reflected down through the input lens and focussed onto the appropriately arranged input ports on B2. The
arrangement can be continued indefinitely by simply replicating the optics.

The functionality of the system is indicated by the lower part of Figure 3(b).

An Optical Bus Architecture. In this section an architecture for the interconnection of N nodes (subsystems:
chips, boards or wafers) will be described. The optical and electronic technology described above places two
primary constraints on the design of an architecture:

1. The arrays of devices should all be identical to simplify design and fabrication.
2. The interconnect should be made up of point-to-point links (no fan-out).

The basic structure of this optical bus is illustrated for the four node case in Figure 4. The objective is to connect
each of the N nodes to every other node. At each node an array of devices is used to generate, transmit, and
receive optical signals, In the figure each array is represented in an abstract transparent form: in reality the arrays
would be comprised of devices fabricated on a reflective substrate, The array is triangular and comprises the
following componcent clements for an N clement system:

1. A horizontal row of N — 1 transmitting elements. Each of these is used to gencrate a modulated light beam
that provides a connection to another node.

2, A diagonal row of N — 1 receiving elements. Each of these is used to receive a modulated light beam
carrying data from another node.

3. A pattern of (N — 1)2/2 — 2(N — 1) passive clements that allow the remainder of the beams to pass
unhindered. Each of these beams is passing data between nodes not associated with this one,
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Figure 4: The optical interconnect for four nodes, P1 to P4.

The utility of the scheme is based around the observation that a simple shift of the beams ‘downward’ between
cach neighboring node is sufficient to route all of the beams to their correct destinations. The N ~ 1 beams
comprising the diagonal of the incoming bus are detected and represent the signals sent to the node from the
N —~1 other nodes. All other beams are simply shifted down one place (a physical dislocation will clearly produce
this cffect) and an additional N — 1 beams are added in as the new top row — these are generated by modulating

N -1 incident power supply beams with N — 1 electrical signals from the ith node destined for each of the N —1
other nodes.

This architecture meets the requirements of regularity and fan-out, and additionally provides node-to-node routing
by a simple relative shift of the arrays.

Conclusions. We have described an approach to optical interconnect based on the use of arrays of beams and
integrated optical devices. With currently available technology it will be possible to use the scheme for board
level interconnect, each board containing-one CMOS array of input ports and one GaAs array of output ports. We
are currently fabricating an array of CMOS differential detectors that we intend to use in conjunction with an array
of GaAs SEED devices to form an simple point-to-point link, In the near future we intend to take advantage of
the merging of the two fabrication technologies to provide chip-to-chip interconnection based on the mechanisms
and architectures we have described.
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INTRODUCTION

The history of information processing ks seen a continuing trend toward ever-smaller devices
and systems. Optics, well-suited for long distance communication, is currently the focus of
many efforts to revolutionize computer technology, however many obstacles need to be dealt
with realistically in order for it to have a chance of succeeding. Heat dissipation has long been
thought to be a "fundamental” roadblock to optical computing. For any given architecture,
minimization of propagation delay times is essential in the design of fast computers!.
Architectural flexibility and manufacturability are additional issues which could potentially
prevent optical computing systems from entering the marketplace. To overcome all of these
hurdles it is necessary to develop microoptical systems far smaller? than those generally
envisioned in the literature, either in the form of integrated optics! or microlenses and arrays.
Here we address the latter approach and review some technological progress.

ARRAY SIZE SCALING

An array size of 1000X 1000 is often considered a goal to be sought. Setting aside its glamourous
appeal, let us compare the capabilities of a-small-number-of-large vs. a-large-number-of-small
arrays by array size scaling. In this analysis we assume the devices in the array and their area
density have already been optimized and therefore are unchanged; we only scale the size of the
array itself. We take an initial NX N array and scale it down by a factor, s, in both dimensions,
to N/sxN/s. Of course the number of devices/array is reduced to N?/s% the power/array is
reduced by s%, and the intensity remains the same. It is also obvious that the lens diameters are
reduced by s, but less well known is the fact that with this reduction the inherent lens
aberrations are also reduced by a factor s. This is very significant because it means that the
required lens performance level, e.g. diffraction-limited, can be achieved with a simpler system
having fewer lens elements. Propagation delays (latency) must be minimized in a general
purpose computing system. In our scaling, the latency will be reduced by s simply by the direct
system scaling, and reduced even further by the fact that fewer iens elements need to be
traversed. We can calculate the latency for a 32X 32 array of GaAs microresonator® devices with
1-pm center-center spacing (1024 devices in a 32-pm square) and a ~ 300-um diameter lens. For
the lossless crossover interconnection? and a reasonable lens design, the latency is about 30 ps.
Since the array-based architectures are synchronous, the system clock cycle can be 30 ps or an
integral fraction or multiple thereof. Banyan interconnections would be accomplished with 15
ps latency. It is certainly possible and it may be desireable to reduce the array size and latency
still further. The latency and especially the clock cycle times compare very favorably with those
projected for electronic technology in the next 10-15 years.
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Thermal dissipation, often considered to have a "fundamental" upper limit of 100
W/em? also improves as array size is scaled down, indicating that W/cm? is not a very
fundamental unit for heat dissipation. The temperature rise accompanying a conductive
dissipation of I W/cm? from an area A, conducting through a solid angle Q2 over length L, can be
compared to the rise in a scaled system of quantities I, A/s?, €, and L/s. The rise AT becomes
AT/s. Experimentally we have pumped 1-2 pm devices at >100 kW/ecm? They do -t
vaporize and even keep on working. The scaling behavior, AT — AT/s, is also true fo- a

high-performance convective cooling geometry’. Quantitative results of array scaling are
summarized in Table 1.

Devices per Array N2 — N?/s
Number of Arrays M = M

System Volume V = ~V/s
Power per Array P — P/
Intensity 1 —+ 1

Lens Diameter D — Dfs

Lens Aberrations A —= Afs

Latency T = <7fs
Temperature Rise AT — AT/s
System Flexibility — more flexible
Manufacturability —  probably better

Table 1 - Approximate scaling behavior of
various quantities under the assumptions
given in the text.

Other relevant issues such as manufacturability and system flexibility do not lend
themselves to quantitative comparisons, but we can attempt to judge them qualitatively. The
system architecture is certainly more flexible in the scaled-down case. For example, if s = 2 we use
4 arrays for each array in the original case. In interconnecting them we are free to perform the
same interconnection for all of them (which is equivalent to the original case), or to perform
different interconnections for any or all of them. Thus the scaled-down design has increased
flexibility. Manufacturability is more difficult to assess. Ea.h array, packaged inside lens and
cooling systems, is easier «o manufacture in the scaled-down case, but there are more of them to
assemble into the overall system. We expect that the manufacturing possibilities opened up by
using small systems {e.g. meking the lenses by non-labor-intensive techniques such as photo-
electrochemical etching) will dominate over this issue, favoring smaller 2rrays. Assembly
considerations will keep the optimum array size probably larger than 1X1.

TECHNOLOGICAL PROGRESS

Realization of microoptic systems will depend on nontraditional manufacturing techniques. To
meet the requirements of small devices and the issues discussed above we propose the following
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building block: a 32X 32 array of InGaAs strained quantum well devices (~1-um operating
wavelength) on a transparent GaAs substrate. The substrate would have a 300-400-um diameter
lenslet formed by photo-assisted etching on its backside. Another lenslet element of GaAs can
correct aberrations to extremely low values even with all surfaces spherical. A more attractive
design utilizes a single aspheric surface on the substrate backside to accomplish the focusing still
with low aberration. The lensiets, beamsplitters, waveplates, etc. would all be held in a solid piece
by a transparent epoxy (Fig. 1). Importantly, as Fig. 1 shows, multiple arrays/lens elements can be
left intact on a substrate, reducing the total number of pieces requiring assembly. All components
must be small and cheap.

GaAs EPOXY WAVEPLATE GaAs

LIGHT
ouT

oo tle,

DEVICE
ARRAYS

Kol

BEAMSPLITTER

Fig. 2 Portion of an InP lenslet array.
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Progress is underway in a variety of areas in microoptics including fabrication of
refractive®, diffractive’ and gradient index® lenslets, and thin-film zero-order waveplates®. A
portion of a lenslet array formed on InP by photo-electrochemical etching at AT&T Bell
Laboratories is shown in Fig. 2. The lenses are designed to be part of a system having a focusing
half-angle of 30°. This technology has previously yielded an aspheric lenslet having a surface
within £30 nm of the design!®. The techniques used to etch 45° facets on diode lasers might be
applied to the formation of microbeamsplitters. Although the state of these technologies is
currentiy embryonic, they are the seeds of what must develop in order to make array-based
photonic computing practical.

CONCLUSION

The performances of photonic information processing systems are dramatically improved by scaling
down their sizes. Arrays of devices, if ~32X32 in size instead of the usual 1000,< 1000 often
sought, can dissipate marny kW/cm? locally, have small propagation delays on the order of 10's of
ps, and the systems can be n.anufactured by revolutionary microoptical techniques. In the history
of microelectronic technology, large investments in well-chosen manufacturing techniques (e.g.
clean rooms, photolithographic steppers, etc.) have been necessary and cost-effective for the
achievement of high performance. We expect this to be true for microoptic technoiogy also.

We acknowledge F.W. Ostermayer for fabrication of the InP lensiet array, and L.C. West for
stimulating discussions.
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2D Optical Trimmed Inverse Augmented Data Manipulator Networks

T. J. Cloonan and M. J. Herron
AT&T Bell Laboratories, 200 Park Plazz, Naperville, IL 60566

1. Introduction

The network topologics that have been proposed for electronic switching systems must often be modified to
satisfy the unique constraints placed on the system by the use of photonic technologies. This paper presents
modifications to a class of O(N log,N) multistage interconnection networks known as Inverse Augmented Data
Manipulator (TADM) networks'!! (Fig. 1) which are based on Plus-Minus-2 connection patterns. The modified
Inverse Augmented Data Manipulator network requires that some of these interconnections be trimmed from the
edges of the network to simplify the optical components required in a photonic design, so the network is called the
Trimmed Inverse Augmented Data Manipulator (TTADM) network (Fig. 2). The TIADM network can be
modified (as in Fig. 3) to have three-dimensional interconnections between two-dimensional stages of nodes, and
this network will be called a two—dimensional (2D ) TIADM network. The large number of connections required
in the 2D TIADM make the network attractive as a potential candidate for photonic switching architectures.

2, The 2D TIADM network

In one-dimensional networks, the nodes in a node-stage are normally arranged in linear (one-dimensional vector)
fashion (Fig. 2). This forces the interconnections between node-stages to lie in a two-dimensional plane. Ia two-
dimensional networks, the nodes in a node-stage are more easily arranged in planar (two-dimensional array) fashion
(Fig. 3). This allows the interconnections between node-stages to take advantage of three-dimensional . Many
new implementations of two-dimensional optical networks have been proposed in the literature,? (3 ) (57 6] The
2D TIADM network is a new two-dimensional network that extends the 1D IADM connections into three dimen-
sions while still using regular interconnects. The 2D TIADM network is illustrated in Fig. 3 for a systern with N=64
input ports and N=64 output ports. For a system with N input ports and N output ports, the 2D TIADM network
requires (1/2)log,(N)+1 node-stages. These node-stages are numbered from 0 to (1/2)log,(N) from left to right.
Between adj..ent pairs of node-stages are link-stages. There are (1/2)log,(N) link-stages, which are numbered from
Ow (l/Z)logz(N) -1 from left to right. Each node-stage has N nodes arranged in linear fashion, which are numbered
with ordered pairs (r,c) indicating each node's respective row number and column number (from (0,0) to (V-
1,YN -1)). Each node is merely a 9-to-1 multiplexer with select signals gatmg the nine inputs.

Each link-stage of the 2D TIADM network provides 9N - 6N (2*1) + 2%*2 links between adjacent node-stages,
because the single output from each node. is fanned-out to form nine output links (but some of them are trimmed),
Node (r,c) in node-stage (i) is directed the nine nodes described by (r+x,c+y), where x € {2, -2', 0}, and y € {2,
-2',0). Since the resulting node number's row and column in node-stage (i+1) must be a value between 0 and VN -
1, any connections to nodes outside of this range are connections that are trimmed from the edges of the switch.

There is always at least one path through an idle 2D TIADM network that allows data to be routed from any
input source S to any output destination D.”} ¥ One method of determining a path through the 2D TIADM from
input source (rs,cs) to output destination (rp.cp) requires the use of vertical natural routing tags and
horizontal natural routing tags. The vertical natural routing tag is the signed difference (rp-r5) between the desti-
nation row number rp and the source row number rg, represented as a signed magnitude binary number. The hor-
izontal natural routing tag is the signed difference (cp-cs) between the destination column number cp and the
source column number cg, represented as a signed magnitude binary number. The vertical naiural routing tag is
used for vertical routing, and the horizontal natural routing tag is used for horizontal routing. Superposition of these
two orthogonal paths yields the resultant three-dimensional path. The use of natural routing tags guarantees that the
resulting natural path will never use the wrap-around connections (which were trimmed from the network).

4, Exira siages in TIADM neiworks

The 2D TIADM network is a blocking network, because it may not be capable of setting up a new path if active
paths are already using some of the nodes required by the new path. In addition, the 2D TIADM provides no fault
tolerance for many connections, because paths connecting input source S to output destination D do not have any
alternate paths if S=D.1 8}

If the photonic network design requires decreased blocking probability and increased fault tolerance, then pairs
of extra node-stages can be added tc the 2D TIADM network to provide alternate paths. In Fig. 4, one of the two
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node-stages in the pair is added before node-stage 0, and it is called offset node—stage 0. The link-stage that fol-
lows offset node-stage O is called offset link—~stage 0, and it provides the connections from node (r,c) w node
(r+x,c+y), where x & (2', -2', 0}, and y £ {2/, -2, 0). The other node-stage in the pair is added sfter node-stage
(1/2)log,(N), and it is called offset correction node~stage 0. The link-stage that precedes offset corieciion node-
stage 0 is called offset correction link—stage 0, and it also provides the connections from node (rc) to node
(r+x,c+y), where xe{2', -2', 0}, and ye(2', -2', 0}. If extra nodes are added to the top edge, bottom edge, left edge,
and right edge of each node-stage, then every input source S and and output destination D has nine disjoint paths
between them,

Multiple sets of offset stages and offset correction stages can be added to the 2D TIADM network to further
increase the number of available paths. In general, if k offset node-stages are added at the input end of the network,
and if k offset correction node-stages are added at the output end of the network, and if 2*-1 extra nodes are added
to the top edge, bottom edge, left edge, and right edge of the network, then there will exist (2"“-1)7' paths between
every input source and output destination,

5. Discussion

Blocking in the 2D TIADM network was studied via a computer simulation. Blocking probability can be plotted
as a function of the offered call load, where the offered call load is described in terms of the percentage of the the
maximum offered call load. Fig. 5 displays these plots for the different types of 2D TIADM networks with size
N=64, It also displays the plots for the different types of 1D TIADM networks with size N=64, where 1D TIADM
networks are like the network shown in Fig. 2. The plots show that blocking probability does increase as offered
call load is increased, however the amount of increase is dependent on the network type. It is apparent that the extra
stage TIADM networks offer better performance than the standard TIADM networks, because they provide lower
blocking probabilities than the standard TIADM networks. In addition, it can be seen that 2D TIADM networks
offer better performance than comparable 1D TIADM networks.

The entire 2D TIADM network can be implemented by appropriately connecting optical AND gate arrays and
optical OR gate arrays. The optical gate arrays can be implemented with Symmetric-SEED devices ' or with
OLE devices.!'!} The beams propagating from a device array are oriented essentially perpendicular to the plane of
the device array, and the beam-steering elements must redirect these beams to the appropriate spatial locations on
the next device array. Different beam displacements are used to provide the connections in different link-stages.

One technique that can perform the beam-steering operations is based on multiple imaging techniques which
employ computer-generated binary phase gratings.!'?) An experimental implementation of the 2D TIADM intercon-
nection was constructed to show system feasibility. The experimental set-up used a pair of crossed phase gratings
whose Fourier transform produced a 3-by-3 array of spots. When the phase gratings were illuminated with the.
Fourier transform of three input spots (on a diagonal) and the output from the gratings was then inverse Fourier
transfomed, the resulting output image contined three sets of 3-by-3 arrays of spots, as shown in Fig. 6.

7. Conclusion

An O(N log,N) multistage switching network (the 2D TIADM network) that is a modified version of the IADM
has been described. An optical implementation using computer-generated binary phase gratings was also presented.
It is shown that the 2D TIADM networks generally offer better performance than the 1D TIADM networks, because
the 2D TIADM networks provide decreased blocking probabilities. These improvements in system performance

seem to be related to the increased connectivity (pin-out) provided by the two-dimensional interconnections in the
2D TIADM network architecture.

8. Acknowledgements

The authors would like to thank Rick Morrison and Rick McCormick for useful discussions and for help in creat-
ing the computer-generated binary phase gratings.
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Alignment and Performance Tradeoffs for Free-Space Optical Interconnections*
Dean Z. Tsang

Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, MA 02173-0073

Optical interconnections are of interest as a high-speed replacement for electrical
interconnections in digital computers1»2 for applications between mainframes, modules, boards,
VLSI circuits,3 and even between points within a VLSI circuit.4 The effect of angular and
positional alignment on the optical efficiency of free-space board-to-board optical interconnections
is considered here for inexpensive lenses and shown to result in good system performance if
reasonable care is taken in the design and assembly of the system. An experimental systerm was

assembled and shown to operate ai a rate of 1 Gb/s, a system efficiency of 18.8%, and an
estimated aligned optical efficiency of 93%.

Prealigned transmitter modules, each with a diode laser and a collimating lens, and receiver
miodules, each with a focusing iens and a detector have been studied. The collimation and focusing
lenses are assumed to be identical for optimal interconnect density. In order to maintain high
optical efficiency, the lenses were assumed to be sufficiently large that optical interconnect
separations are within the near field of the lens. The receiver field of view, transmitter beam
angular misalignment relative to the receiver, and lateral misalignment of the two modules was
considered separately based on simple thin lens approximations of the optics.

Without a lens in front of the detector, the receiver has a sensitive area proportional to the
square of the detector diameter D. By placing a lens in front of the detector, we can tradeoff field
of view for increased receiver aperture without increasing the capacitance of the detector. Fora
lens of focal length f the receiver field of view is 8 = 2 tan*1(D/2f). The receiver field of view is
the maximum angle allowed for light incident upon the detector lens before it no longer reaches the
detector. Relative to the beam, this type of misalignment can be considered as receiver module
misalignment. The field of view is plotted in Fig. 1 as a function of detector diameter for two
inexpensive miniature leases, a 1.7-mm-focal-length graded-index (GRIN) lens and a 3.9-mm-
focal-length compact-disc (CD) lens . In order to maximize receiver field of view it is important to
have a short-focal-length lens and a large detector. The detector can be as large as is consistent
with the required speed of response. The 10-t0-90% risetime is given on the top of Fig. 1 fora
50-ohm detector load impedance, a depletion width of 2.8 yim (achievable with a detector doping
of 1 x 1015 cm-3 and a 5-V reverse bias), and a dielectric constant of 12.4. A larger detector
diameter and better angular tolerance is achievable with no loss in speed if the detector is designed
for biases of the order of 100 V but these voltages are not common in digital systems.

The second type of angular misalignment occurs when the beam is misaligned such that it is
not fully collected by the detector lens. The output aperture of the transmitter is centered in the
receiver's field of view but the angle of the transmitter module is misaligned. This can be
considered as transmitter-module angular misalignment. The beam strikes the receiving lens at an
angle, and the fraction of the beam collected is given by an overlap integral. For this calculation a
uniform intensity across the beam is assumed. The uniform intensity assumption will result in a
worst case caiculation for smaii angies compared to a truncated Gaussian beam profile which better
approximates an ideal diode laser beam. The alignment efficiency calculated by the overlap of the
transmit beam and the receiver aperture (assuming the misalignment angle is within the receiver's
field of view) is a function of the angle of misalignment and the separation between lenses. The
allowable angle of misalignment as a function of the lens separation is shown in Fig. 2 for the
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GRIN and CD lenses for an alignment efficiency of 80%. Clearly larger diameter lenses are less
susceptible to angular misalignments of the source.

Positional or lateral misalignments are also determined by an overlap integral. The lateral
misalignment calculation assumes that the axes of the transmitter and receiver are aligned, but that
the positions of the modules are not. Again assuming a uniform intensity distribution, the overlap
fraction is given in Fig. 3. Note, 80% of the light is received if the misalignment is limited to 0.3
of the lens radius, which is 0.27 mm for the GRIN lens and 0.77 mm for the CD lens. This type
of misalignment is minimized with large lenses and is independent of the spacing between lenses
until diffraction becomes significant. Additional positional misalignment tolerance is possible with
no loss in signal if ones uses a transmitter lens that is somewhat smaller than the receiver lens,
although the packing density may suffer if the lens sizes are minimized for best packing density.

The res